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The Chemistry of Novel Cyclic Diesters: 
Dialkoxy Disulfide, Thionosulfite and Carbonate. 
Nicolas D. Eghbali - Department of Chemistry - McGill University 
Abstract: The synthe sis and chemistry of sorne new cyclic diesters were 
investigated. The first part of the thesis is concemed with the study of new cyclic 
diesters derived from thiosulfurous acid, namely cyclic dialkoxy disulfides and 
their structural thionosulfite isomers. The second part focuses on the 
development of a new methodology for the synthe sis of cyclic carbonates 
(carbonic acid diesters). 
The synthe sis of new cyclic dialkoxy-disulfides is described in Chapter 3. 
Five new molecules have been synthesized and fully characterized. An X-ray 
structure was obtained for the 2,3-furandimethylene dialkoxy disulfide. The 
substrates were prepared in an attempt to rationalize sorne of the existing 
limitations of the synthetic methodology. 
The relationship and possible interconversion between the newly prepared 
cyclic dialkoxy disulfides and their structural thionosulfite isomers were 
investigated. Benzene dimethanoate disulfide was successfully converted to its 
structural thionosulfite isomer under acidic conditions. Further investigations 
show the existence of a reversible sulfur extrusion process between thionosulfite 
and sulfoxylate. This sequential transformation brings the first chemical 
demonstration that branched bond sulfur can indeed be involved in sulfur 
extrusion as was first predicted by Foss in 1950. 
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Finally, a highly efficient method to convert alkenes and C02 into cyclic 
carbonates directly in water is presented in the second part of the thesis. Using N-
bromosuccinimide (NBS) together with 1,8-diazabicyclo [5,4,0] undec-7-ene 
(DBU) in water, alkenes were converted into cyclic carbonates nearly 
quantitatively. Cyclic carbonates were also formed efficiently by using a catalytic 
amount of bromide ion together with aqueous hydrogen peroxide. 
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La Chimie de Nouveaux Esters Cycliques: 
Dialkoxy disulfide, Thionosulfite et Carbonate. 
Nicolas D. Eghbali - Département de chimie - Université McGill 
Résumé: 
La thématique de recherche développée dans cette thèse s'articule autour 
de la synthèse de nouveaux esters cycliques. Les premiers chapitres décrivent 
l'étude de nouveaux esters cycliques dérivés de l'acide thiosulfurique, à savoir les 
dialkoxy disulfides cycliques et leurs isomères structuraux, les thionosulfites. La 
deuxième partie de la thèse présente le développement d'une nouvelle 
méthodologie de synthèse des carbonates cycliques (diesters de l'acide 
carbonique). 
La synthèse de dialkoxy disulfides cycliques est décrite dans le troisième 
chapitre. Cinq nouvelles molécules ont été synthétisées et caractérisées. Une 
structure cristallographique a été déterminée pour le composé 2,3-
furandiméthylène dialkoxy disulfide. Plusieurs substrats ont été choisis dans le 
but de définir et de comprendre les limites de cette méthode de synthèse. 
La possibilité d'une interconversion entre ces dialkoxy disulfides et leurs 
homologues thionosulfites a fait l'objet d'une étude approfondie présentée au 
chapitre 4. Le benzène diméthanoate de di sulfure a été en effet converti en son 
isomère structural en présence d'acide hydrochlorhydrique. Une recherche plus 
poussée a montré que les molécules thionosulfites participaient par la suite à un 
processus réversible d'extrusion du soufre, produisant le sulfoxylate 
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correspondant. Cette dernière transformation apporte la première preuve 
chimique qu'une double liaison soufrée peut en effet être impliquée dans un 
processus de désulfurisation comme l'avait prédit Foss en 1950. 
Finalement, une méthode efficace pour la conversion d'alcènes et de CO2 
en carbonates cycliques a été développée et est présentée dans la seconde partie de 
la thèse. En combinant le N-bromosuccinimide (NBS) avec la base 1,8-
diazabicyclo [5,4,0] undéc-7-ène (DBU) dans l'eau, des alcènes ont été convertis 
en carbonates cycliques de manière quantitative. Ces mêmes carbonates cycliques 
étaient aussi accessibles par l'utilisation d'une quantité catalytique d'ions 
bromures et d'eau oxygènée. 
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Chapter 1: A Brief Introduction to Ester Molecules 
The word "ester" finds its origin in the Germanie language from the eombination 
of the words Essig (vinegar) and Âther (ether). As pointed out by its origin, an 
ester refers to a compound or a c1ass of compounds obtained by the condensation 
of an acid and an alcoho1. 1 The reaction often proceeds with the elimination of a 
water molecule. 
With the development of organic and organometallic chemistry, esters have 
become a fundamental c1ass of molecules. Although for a majority of chemists 
the most common are the carboxylic esters 1, numerous analogues of organic and 
inorganic acid esters have been described in the literature? A few examples are 
presented in this Chapter. 
1 Organic esters 
Carboxylic esters 1 (inc1uding enol esters and lactones), carbamates 2, 
carbonic acid diesters (carbonates) 3, thioesters 4, imino esters 5 and thioimino 
esters 6 are just a few of the most common organic esters.2 They are usually 
prepared by the condensation of an organic acid and an alcohol. Other methods 
for their preparation inc1ude transesterification, or the use of an acid derivative 
when this latter is not readily available (acid anhydride, acid chloride). 
Molecules containing ester functionalities play a central role not only in nature 
but also in many manufactured products. One of the most common is the 
triglyceride c1ass 7, the main constituent of fats and oils.1,3 Isoamyl acetate 8 
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(banana oil), ethyl acetate 9, and cyclohexanol acetate 10 are the principal 
solvents for lacquer preparations.4 Others, such as dibutyl phthalate 11 are used 
as plasticizers.5 Esters are also found in many natural products such as the wine 
lactone 126 and nepetalactone 13.7 
0 0 0 R~O/R R, ~ /R R, ~ /R N 0 o 0 
1 1 2 3 R 
0 ...-R ...-R N N 
RAS/R )lR )lR R 0''''- R S/ 
4 5 6 
0 
RAo )lo~ RyO~OyR 
0 0 
7 8 
0 
0 Qo~ (X>~ /'-o~ 1# o
0 
9 10 11 
H 
12 13 
For synthetic purposes, orgaruc esters are widely used as precursors, 
protecting groups or even solvents. For instance, they are employed in the 
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synthesis of alcohols, aldehydes, amides and enol ethers. 8 Reducing reagents 
such as LiAIH. or NaBH. can convert an ester into an alcohol, while a milder 
reagent such as DIBAL-H has been reported to reduce esters to aldehydes. The 
preparation of amides from alkyl esters is also known although the method is not 
very practical. Finally, a variation of the Lombardo's reagent allows the 
conversion of esters into enol ethers (Scheme 1).9 
0 B'yl ~o/ Zn + .. 
Br TiCI4 98% 
TMEDA 
14 15 16 
Scheme 1: Methyl pentanoate 14 is coupled with 
1,1-dibromo-2-methyl propane 15 to yield enol ether 16. 
Esters are also used as protecting groups for alcohols or carboxylic acids and 
as solvent (e.g. ethyl acetate 9).8 
2 Organic diesters and the case of carbonic acid diester 
Molecules containing two ester moieties such as phthalate Il are not 
uncommon. Di-(2-ethylhexyl) phthalate also called DEHP is the most used 
plasticizer for PVC. Its annual production in 1999 reached nearly 2 million tons 
with applications ranging from toys, shoes to medical equipement.5,10 Other 
famous diesters inc1ude diethyl tartrate 17 well-known from the Sharpless 
epoxidation,l1 dioctyl sebacate 18 often used as a lubricant,10,12 or glycolides such 
as lactide 19.13 Due to their dual functionalities, many diesters are widely 
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employed as starting materials to construct polymers. Lactide 19 for example, is a 
versatile monomer for the synthe sis of biodegradable polymers. 
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Alkyl carbonate 3 also called carbonic acid diester is another particular 
example of the diester family. Originally discovered in the late 1750's, 
carbonates are ubiquitous molecules.14 Very common examples include dimethyl 
carbonate 20, ethylene carbonate 21 or propylene carbonate 22. Most of the alkyl 
or alkylene carbonates have found a broad range of applications as solvents, 
synthetic or pol ymer precursors. Ethylene and propylene carbonate are for 
example, clean alternatives to more hazardous dipolar aprotic solvents. 15 On the 
other hand, they are also. major starting materials for polycarbonate. 
20 
Dimethyl carbonate 20 serves as a substitute for phosgene 23 and dimethyl 
sulfate 24, respectively in carbonylation and methylation reactions, and as a 
synthon in the preparation of urea 25. 16 
Four major routes have been described for the preparation of organlc 
carbonate. Originally synthesized from the reaction of alcohols with phosgene 23, 
alkyl carbonates are also accessible by the condensation of an alkyl halide and a 
metal carbonate such as potassium carbonate. Other methods include oxidative 
carbonylation (alcohols and carbon monoxide) and the activation of carbon 
dioxide.15 Applications and synthesis of carbonates will be further detailed in 
Chapter 5. 
3 Inorganic esters 
Inorganic esters occupy a major place in organic chemistry and have also been 
extensively studied? Their chemistry is very rich due to the multi-valence 
properties of the central atom that replaces the carbon in the organic esters. 
Reviewing this chemistry in depth is beyond the scope of this Chapter. With a 
broad range of molecules based on sulfur, phosphorous or boron, inorganic esters 
have eamed a special place in synthetic chemistry. 
Those esters are usually prepared by the condensation of an inorganic acid 
halide and an alcohol; the corresponding acid has sometimes been found to be 
unstable. Several well-known examples include sulfinate 26, sulfite 27, sulfonate 
28, sulfate 29, phosphite 30, phosphinate 31, phosphonate 32 and phosphate esters 
33, borinic esters 34, boronic esters 35 and borate 36. 
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One of the most famous inorganic esters is p-toluenesulfonates 37 or tosylate. 
Prepared from p-toluenesulfonyl chloride and an alcohol, this sulfonate is a 
versatile leaving group in organic synthe sis as it activates an alcohol for 
substitution or elimination.17 The nucleotide uracil 38 is also a well-known 
phosphate monoester entering in the composition of RNA. 
~ -
RO-W-o-
o 
37 38 
22 
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Boronic esters 35 and phosphonate 32 play an important role in synthesis. For 
instance, vinyl boronic esters 39 have become versatile starting material with the 
deve10pment of the Suzuki coupling reaction.8,18 On the other hand, phosphonate 
32 accessible by the Michaelis-Arbuzov reaction, has demonstrated important 
chelating properties.19 In pulp and paper manufacturing and in the textile 
industry, they are used as peroxide bleach stabilizers, acting as che1ating agents 
for metals that could inactivate the peroxide. More recently, phosphonates 32 
have found applications in medicine to treat various bone and calcium metabolism 
diseases and as carriers for radionuclides in bone cancer treatments. 
4 Inorganic diesters and the case of dialkoxy disulfide 
Inorganic diesters are also commonly found. Phosphate 33, borate 36 and 
sulfate 29 diesters are sorne examples. A recent revie~o on phosphate and 
sulfate esters underscores their importance in biological systems. They enter in 
the composition of ribonucleic acid (genetic material, energy reservoir) and have a 
well-known role in protein regulation and other biochemical transformations. 
Dialkyl sulfates 29 have also found uses in the laboratory as effective alkylating 
reagents. 
Two other classes both formally derived from the same and very unstable 
thiosulfurous acid (HOSSOH) 40-45 are the dialkoxy disulfides 46 and the 
thionosulfites 47?1 According to a recent study,22 thiosulfurous acid might 
actually exist in ten isomeric forms, which explains the previous statement and 
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implies many other possible sub-classes of ester. Six of the most probable 
isomers are presented below (40 to 45). 
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Dialkoxy disulfides 46 are diesters prepared by the reaction of an alcohol (2 
equivalents) or a dialcohol and sulfur monochloride (S2Ch), the parent acid 
chloride ofthiosulfurous acid 40. First made in 1895 by Lengfeld,23 the se esters 
have not received much attention over the last century. 24 It is only recently that 
interest has grown concerning this class of compounds along with their structural 
thionosulfite isomers 47. Much ofthis attraction has been due to the nature of the 
two different sulfur-sulfur bonds. 
For a long time, only acyclic dialkoxy disulfides had been isolated and 
characterized. The opposite situation is found for its structural thionosulfite 
isomers where the molecules are still exclusively known in cyclic form. Efforts 
24 
made by Thompson25 in 1965 to synthesize cyclic dialkoxy disulfides 46 resulted 
in the discovery of its branch-bonded isomer 47. This class was fully confirmed 
in 1980 with the publication ofthe first X-ray structure?6 
Very recently 1,2-benzenedimethanol 48 was converted into the first cyclic 
dialkoxy disulfide27 49. The molecule was isolated along with traces of the 
corresponding thionosulfite 50 (Scheme 2); the newly synthesized molecules were 
confirmed by X-ray analysis. Originally, it was not clear whether this observation 
(Scheme 2) was the result of the existence of several sulfur monochloride isomers 
as it is the case for sulfur monofluoride, or if sorne rearrangement occurred during 
the synthesis. 
cc~ OH .# OH • + CCo l 's=s .# / o 
48 49 50 
Scheme 2. The first cyclic dialkoxy-disulfide 49 from 1,2 benzenedimethanol 48 
and its structural isomer thionosulfite 50 
Dialkoxy disulfides 46 have found uses as synthetic precursors and as 
diatomic sulfur transfer reagents (see Chapter 2). Despite those few reports, little 
is actually available about their chemistry. The situation is about the same for 
thionosulfites 47. 
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Chapter 2: 
The Chemistry of Dialkoxy disulfide and Thionosulfite 
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Chapter 2: The Chemistry of Dialkoxy disulfide 
and Thionosulfite 
As mentioned in Chapter 1, dialkoxy disulfide 46 and thionosulfite 47 are esters 
of the same thiosulfurous acid. Respectively they were first prepared in 1895 by 
Lengfe1d23 and 1964 by Thompson.25 
1 Dialkoxy disulfide, an ester of thiosulfurous acid 
Apparently the most stable isomer of thiosulfurous acid is 40 that possesses a 
linear arrangement between the four atoms of oxygen and sulfur (S202H2).22 This 
latter structure was not formally isolated but the corresponding alkyl diesters 
(namely dialkoxy disulfides 46) could be synthesized. Lengfeld23 isolated the 
first dialkoxy disulfide 51 from a suspension of dry sodium methanoate and sulfur 
monochloride in neutral medium (ligroin). This work was further investigated by 
Stamm in 1937.28 
Thompson29 simplified the procedure several years after by showing that 
dialkoxy disulfide 46 could actually be obtained directly from a dialcohol with the 
use of a tertiary amine base such as triethylamine (Scheme 3a). This convenient 
optimization still remains the reference for the synthe sis of dialkoxy disulfides. 
Our group30 has also published more recently several papers extending 
Thompson's efforts. Examples 51 to 56 are presented in Scheme 3b. 
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Scheme 3: a) Synthesis of dialkoxy disulfide 46 from alcohols and sulfur 
monochloride; b) Examples of dialkoxy disulfides 
AlI the dialkoxy disulfides isolated until recently were only acyclic 
compounds. In 1964, Thompson25 reported the difficulties in obtaining cycIic 
molecules. As a matter of fact, he and his co-workers were unable to prepare 
cycIic dialkoxy disulfides and described what seem to be oligomeric residues. 
Our group27 was more successful with this problem with the isolation and the 
full characterization of the first compound, benzene dimethanoate disulfide 49. 
More interestingly, this first cyclic dialkoxy disulfide was obtained along with its 
structural isomer thionosulfite 50. This aspect will be briefly reviewed in a 
subsequent section and in Chapter 4. 
28 
Literature reports on the chemistry of dialkoxy disulfides 46 are scarce.31 
Those compounds have mainly been described as precursors in the preparation of 
other sulfur compounds or as sulfur transfer reagents. Their chemistry was 
recently reviewed by Harpp and Zysman-Colman.24 
A number of researchers, Braverman,31a Motoki31b and Hoepping31C have 
studied rearrangements and nuc1eophilic displacements on dialkoxy disulfides. 
Braverman31a described the rearrangement of allylic 57 and propargylic 58 
dialkoxy disulfides into complex molecules. For example, diallyloxy disulfide 57 
rearranges to bis(allyl) thiosulfonates 59 while dipropargyloxy disulfide 58 
undergoes thermal rearrangement to give 6,7-dithiabicyc10[3,1,1]heptane-2-one-6 
oxide 60. 
R2 Rl J;~fy R,,,~"\A /s, y L\ Rl # s, ~ S 0 R3 • S Rl 
Rl R2 R3 R2 
57 59 
Rl R S H R //s,/oY" L\ R'iYf: • #' 0 S 
R Rl ~ Rl 0 0 
58 60 
Scheme 4: Rearrangement of allylic 57 and propargylic 58 dialkoxy disulfides 
Motoki and co-workers31b also prepared various compounds such as 
acylalkoxy trisulfides 61, alkoxyalkyl trisulfides 62, alkoxyamino disulfides 63 
and p-dimethylamino-N-thiosulfinylaniline 64 through nuc1eophilic displacement 
29 
on dialkoxy disulfides (Scheme 5a). Finally, Hoepping31C reported recently the 
synthesis of a-ketothio esters through the nucleophilic attack of an enol on a 
dialkoxy disulfide. For instance, the reaction of 2-chloroacetophenone 65 with 
diethanoate disulfide 52 generated the a-keto alkoxy disulfide 66. The latter 
rearranged into intermediate 67 and afforded the dithiocarboxylates 68 and 69. 
The expected product thioindigo 70 was then obtained by dimerization of 69 
(Scheme 5b). 
° Il ,s~ ,OR R~ ,S~ ,OR ~S~ ~OR R~sr 'Sr 'S' 'sr RHNr 'S' a) 
61 62 63 
\-0-l " j N=S=S 
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~ U" "(\ 
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Scheme 5: Nucleophilic displacement on dialkoxy disulfide 
a) General formula of acylalkoxy trisulfides 61, alkoxyalkyl trisulfides 62, 
alkoxyamino disulfides 63 and p-dimethylamino-N-thiosulfinylaniline 64; 
b) The synthe sis of thioindigo 70 from 2-chloroacetophenone 65 with 
diethanoate disulfide 52 
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Our group has also investigated the chemistry of 46 and reported the use of 
dibenzyloxy disulfide 56 as an efficient diatomic sulfur transfer reagent. 30 
Trapping experiments with 2,3-dimethyl butadiene 71 afforded a high yield of the 
desired product 72 which was an improvement for the delivery of a two-sulfur 
unit. 32 
x + "zOSSO"z --<X) 
71 56 72 
Scheme 6: Trapping experiment of a two-sulfur unit 
2 Thionosulfite, true diester of thiosulfurous acid 
As highlighted in the first Chapter, thionosulfites 47 possess a sulfur branch-
bonded structure and are isomers of dialkoxy disulfides 46. They are in fact, the 
true esters of thiosulfurous acid as this latter one is the corresponding thio-analog 
of sulfurous acid 73.22 
41 73 
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Thionosulfite compounds 47 were first discovered in 1964 when Thompson25 
and co-workers treated aliphatic diols such as 74 with sulfur monochloride. The 
expected product of this reaction was a cyclic dialkoxy disulsufide, however, the 
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authors instead obtained polymerie residues that afforded cyc1ic thionosulfite like 
75 upon treatment with alkoxide. 
Scheme 7: Synthesis ofthionosulfite 75 by a polymer unzipping mechanism 
Although the molecules were isolated by distillation and characterized by 
common spectroscopie techniques, no X-ray structure determination could be 
performed to unambiguously assign the connectivity between the four atoms of 
the thionosulfite moiety. It was necessary to wait nearly two decades to see the 
publication of the first X-ray structure (thionosulfite 76) confirming the existence 
of the sulfur branch bonded structure in those compounds.26 
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Since the discovery of the molecules in 1964 by Thompson25 and the 
publication of the first X-ray structure in 1980 by Harpp,26 very little has been 
done on this chemistry. The few publications available in the literature are mainly 
concemed with the synthesis and characterization of thionosulfite diesters.33 
3 Branch bonded intermediate and the theory of sulfur extrusion 
The existence of structural isomers 40 and 41 has also been of great interest 
for mechanistic reasons. Indeed, since the original report by FOSS,34 it has been 
accepted that a branch-bonded structure might play an important role in sulfur 
extrusion or insertion into a polysulfide. An isomerization between a linear 
sulfur-sulfur bond (such as disulfide 77) and the corresponding branch-bonded 
sulfur structure (thiosulfoxide 78) could then be a key feature to explain the 
reactivity of certain compounds. Reviews35 published in the early and late 1980s 
have covered this aspect and described the chemistry re1ated to branch-bonded 
molecules. Theoretical studies have also been published on the isomerization of 
disulfide bonds36 although in aliphatic cases, the branch-bonded intermediates are 
judged to be high energy species. 
77 78 
Scheme 8: Isomerization of disulfide 77 into thiosulfoxide 78 
Several well-known examples support the concept of an isomerization as well 
as the observation by Foss on the implication of thiosulfoxide structure in the 
33 
extrusion and insertion of elemental sulfur. The isomerization of sulfur 
monofluoride37 79, the desulfurization of polysulfides,35 the rearrangement of 
allylic disulfides38 80 as weIl as the conversion of alkyl allyl sulfide 81 to alkyl 
allyi disulfide39 82 with S8 constitute sorne of that evidence. 
As stated, the conversion of an unbranched sulfur-sulfur bond to its 
corresponding branched structure has already been experimentally demonstrated. 
Although the structures of sulfur monofluoride were studied by Kuczkowski,40 the 
investigation of the isomerization between 79a and 79b, respectively the linear 
and branched isomers should be credited to Brown and Pez.37 They were the first 
to convert 79a to 79b in presence of a Lewis acid such as HF or BF3. The system 
was later re-investigated by Wang and co-workers.41 This research has attracted 
considerable interest as seen by the numerous theoretical and experimental studies 
present in the literature.37,40,41,42 This is partially explained by the controversy 
related to the existence and role of the thiosulfoxide functionality. There is also 
an important implication in terms of mechanistic studies. More recently a similar 
situation was found with sulfur monochloride and monobromide. A 
"tautomerism" is claimed based on spectroscopie evidenee,43 although the se are 
really separate structural entities. 
HF 
79a 79b 
Scheme 9: The isomerization of sulfur monofluoride 
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Another example supporting the theory that an isomerization of a disulfide to 
a thiosulfoxide structure is an important aspect to explain sulfur extrusion and 
insertion is found in Baldwin's work.38 In 1971, he and his co-workers presented 
evidence that a thiosulfoxide structure was actually involved in the rearrangement 
and desulfurization of allylic disulfides 80. 
80a 80b 80c 
Scheme 10: Rearrangement of allylic disulfide 80a to 80c 
They reported the smooth rearrangement at room temperature of (l-substituted 
allylic disulfide 80a to its isomer 80c likely through the thiosulfoxide intermediate 
80b. This transformation was rationalized as the result of a double intramolecular 
[2,3] sigmatropic shift. 
Similarly Mislow and co-workers39 studied in 1973 the easy conversion of 
allyl sulfide 81 to allyl disulfide 82a. 
S8 
81 82b 82a 
Scheme Il: Conversion of a1lyl sulfide 81 to a1lyl disulfide 82a 
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They stated that the possible [2,3] sigmatropic rearrangement functioned as a 
mechanism of trapping elemental sulfur. The reaction of 81 with S8 was 
postulated to occur via the thiosulfoxide 82b. 
Finally, the thiosulfoxide intermediate has been widely proposed in the 
desulfurization of polysulfides and attempts to detect it by spectroscopic means 
have been made.44 Kutney and Turnbull reviewed several aspects of this 
chemistry.35b 
In this context, the isolation of dialkoxy disulfide 49 and thionosulfite 50 from 
the same reaction mixture27 caught our attention as it could potentially fit into this 
theory. A theoretical analysis was performed and demonstrated the similar energy 
of those molecules. On this basis, the possibility of an interconversion between 
49 and 50 was suggested although the exact nature of their re1ationship remained 
to be determined. An investigation ofthis chemistry is presented in Chapter 4. 
36 
Chapter 3: 
Synthesis of New Cyclic Dialkoxy Disulfides 
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Chapter 3: Synthesis of New Cyclic Dialkoxy Disulfides 
As mentioned in the introduction, the first cyclic dialkoxy disulfide 49 was 
isolated from the reaction of benzenedimethanol 48 with sulfur monochloride.27 
In order to further study the physical and chemical properties of those new cyclic 
compounds, we extended the scope of the reaction and tested a variety of 
substrates. Five new molecules are reported, along with rationales into their 
synthesis. 
1 Optimization of the synthesis 
An optimization of the reaction conditions was first performed. The 
procedure described in the first entry of Table 1 permitted indeed the isolation of 
the dialkoxy disulfide 49 in high yield, however, the reaction was found to be 
more tolerant and faster than what has been claimed. The best conditions are 
described in entries 6 and 7 of Table 1. 
In all cases, only the dialkoxy disulfide 49 and a small amount of its dimer 8327 
were isolated. When the purity of the product decreased, what was suspected to 
be an oligomer of dialkoxy disulfide was detected; this was generally in 
agreement with Thompson's results.25 No thionosulfite was observed as long as 
the acidity of the medium was controlled; high purity of the reagents and accuracy 
in the quantities used are essential to obtain a very clean reaction; this includes an 
acid-free treatment of all the glassware. 
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Table 1. Optimization of the synthesis of the cyclic dialkoxy-disulfide 49 
Entry" temperatureb Atmosphere Distillation
C 
of Addition time Reaction Timed Yielde 
S2Ch (min) (min) (%) 
1 
-10°C Nitrogen Yes 60 300 93 
2 
-10°C Nitrogen Yes 10 300 91 
3 O°C Nitrogen No 10 300 91 
4 RT Nitrogen No 10 100 90 
5 RT Nitrogen No 10 10 91 
6 RT Air No 5 5 94 
7 RT Air No 0.02 1 87 
a AlI reactions were performed as follows: 1,2-benzenedimethanol (1 mmol) and triethylarnine (2 mmol) were dissolved in 
dichloromethane. The mixture was cooled with an ice bath when indicated. A CH2Ch solution of S2Cl2 (1mmol) was added 
dropwise. b The temperature indicated was kept during the entire reaction. C When the S2Cl2 was not distilled, it was taken directly 
without further purification from a new bottle. Using old S2Ch stored for many months in the refrigerator resulted in lower yield 
most likely due to partial decomposition and acidification. d Do not include addition times. e Isolated yield. 
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Scheme 12. Competition between cyclization and polymerization 
The use of sulfur monochloride as a sulfur transfer reagent clearly implied a 
mechanism based on nucleophilic displacements (Scheme 12). This kind of ring 
closure by intramolecular nucleophilic substitution is a well-known process,45 
although the method sometimes suffers from the competition of polymerization. 
The synthe sis of any medium or large-ring dialkoxy disulfide by this methodology 
could have presented a significant challenge with an expected competition 
between the formation of the monomer and its oligomer. This drawback was 
illustrated by Thompson and co-workers?5 As mentioned earlier, they failed to 
obtain the desired product and along with the corresponding thionosulfite, linear 
oligomers of dialkoxy disulfide were mainly reported. The detection of a small 
amount of oligomers in our case was in agreement with those previous results. 
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2 Synthesis of new compounds 
Other diols were reacted with sulfur monochloride under our optimized 
conditions; results are presented in Table 2. DioIs 84a, 85a and 86a were 
synthesized by reduction of the corresponding dicarboxylate anhydride using 
LAH or DIBAL-H.46 Substrates 87a and 88a were accessed by reduction of the 
corresponding diester;47 protection of the pyrrole was achieved as reported by 
Blanton.48 Compound 89a was obtained by a succession of Diels-AIder reaction 
and deacylation.49 Compound 90a was prepared by methanolysis of 1,2-
bise cyanomethyl)benzene and reduction of the diester.50 The remainder of the 
diols (91a, 92a, 93a, 94a, 95a) were either ordered from commercial sources or 
were previously synthesized in our group?6 
The cyclization reaction did not proceed well with the selected substrates but 
five new dialkoxy disulfides were prepared. In the cases where such disulfides 
were not is01ated, the reaction afforded what appears to be linear oligomers of the 
corresponding dialkoxy disulfide.51 The new cyclic dialkoxy disulfides were fully 
characterized including a determination of an X-ray structure for compound 87b 
(Figure 1 and Table 2 - entry 4). 
Apparently certain structural and electronic requirements are involved and are 
most likely related to the stability of the OSSO moiety. An analysis of Table 2 
shows the importance of several parameters such as the ring size, the presence of 
an aromatic group and/or the stereochemistry of the starting material. 
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~, Table 2. Preparation of cyclic dialkoxy-disulfides 
Entrya 8ubstrate Product Yieldb 
CI)C( CI)C( 1 ~ OH 1 ~ O-~ 91% 
~ OH ~ 0-8 
CI CI 
84a 84b 
2c 'C(0H 'C(o-f 93% 
~ OH ~ 0-8 
85a 85b 
3 [[:C0H [[[:C~:l OH 
86a tentative structure 
~'. 
°XOH CC:0 - 8 4d a 1 85% 
...-::: OH ...-::: 0-8 
87a 87b 
5 :t:oH ~N...-::: OH :t:0-s ~N...-::: o-è 5% 
88a 88b 
:;rc Sf( CI CI CI CI 6e 1 OH 1 
CI OH CI ~ CI CI 
89a 96 
a Ali reactions were perforrned as follows: The diol (1 mmol) and triethylamine (2 mmol) were dissolved in 
dichloromethane. The mixture was cooled with an ice bath to minimize possible side reactions. A CH2Cl2 
solution of SzCh (1 mmol) was added dropwise usually over 2-3 min. b Isolated yield. c Isolated as a 1:1 
isomer mixture. d No trace of the corresponding dimer could be detected. e The diene 96 was isolated along 
with remaining starting material. 
,~ Oligomers presented in Table 2 were not isolated. A "tentative" structure is proposed based on spectroscopie evidence. 
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tentative structure 
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tentative structure 
tentative structure l/M'r 
tentative structure 
a Ail reactions were perfonned as follows: The diol (l mmol) and triethylamine (2 mmol) were dissolved in 
dichloromethane. The mixture was cooled with an ice bath to minimize possible side reactions. A CH2Ch 
solution of S2Ch (l mmol) was added dropwise usually over 2-3 min. b Isolated yield. f A significant amount 
of 1,3-dichloro-l,3-diphenylpropane 97 was isolated along with the oligomer; this byproduct was not 
detected when the reaction was carried out in ether. g Traces of what appears to be the corresponding sulfite 
and thionosulfite could be observed by lH NMR, however the oligomer remained the major product with 
sometimes a characterless spectrum. 
Oligomers presented in Table 2 were not isolated. A "tentative" structure is proposed based on spectroscopie evidence, 
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Figure 1. X-ray structure for compound 87b 
2.1 Importance of the ring size 
As illustrated by literature precedent27,30 and by the X-ray structure obtained 
(Figure 1), the dihedral angle between the four atoms o-s-s-o is expected to be 
as close as possible to 90° for the molecule to adopt the most stable conformation. 
Significant deviation from this angle would most likely be translated into an 
increase of the global energy of the molecule as was predicted earlier?7 
Therefore, for small rings, the dihedral angle would probably present a too 
important distortion resulting in an absence of cyclization and a subsequent 
polymerization. No cyclic dialkoxy disulfide has been isolated for rings of size 
five, six and seven although a limited number of substrates were tested. 
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2.2 Importance of an adjacent aromatic ring 
The ring size is obviously not the only limitation as demonstrated by 
Thompson's early work.25 Indeed, the use of 1,4-butanedioI98a as a substrate did 
not result in the isolation of a cyclic dialkoxy disulfide whereas 1,2-
benzenedimethanol 48 was successful. 27 
(
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~OH 
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Analysis of entries 1-6 and 9 (8-membered ring substrates) revealed that the 
presence of an aromatic ring connected to the dialkoxy disulfide ring was 
effective for stability.52 This aspect is illustrated by the synthesis of the products 
84b, 85b, 87b, 88b and 90b. These compounds were isolated relatively easily in 
high yield and good purity; they were stable in the refrigerator under an inert 
atmosphere for months. 
Entry 5 may appear controversial as the corresponding compound 88b was 
obtained in 5% yield or less. The significance of this number must however be 
treated carefully as problems were encountered during the synthesis. The 
reactivity of N-propyl-pyrroledimethanol 88a appeared to be lower toward S2Cb 
than for 1,2-benzenedimethanol 48 and faster side reactions consumed the starting 
materials. The sulfur monochloride was apparently decomposed by the 
triethylamine aIready present in the flask, resulting in an absence of reaction. The 
synthetic improvement mentioned in previous work appeared therefore limited 
46 
only to the most reactive diols. On the other hand, diol 88a was not very stable, 
polymerizing slowly at room temperature and quickly under weak acidic 
conditions. As the studied reaction generates Hel in situ, the disappearance of the 
starting material by polymerization could not be ruled out. 
2.3 Other factors influencing the synthesis 
The conformation of the starting material, its solubility or its concentration 
may also influence the product formation. Those non-specifie limitations faU into 
the classical problem of cyclization versus polymerization. It is known that side 
reaction polymerization are not only influenced by the concentration of the 
substrate, but also by the nature of the solvent used during the experiment.45 
Attempts to make larger ring dialkoxy disulfides were more chaUenging as the 
stability decreased with larger molecules. The polymerization reaction mentioned 
above became more difficult to control with molecules containing 10 membered-
rings and higher. Nevertheless, the synthesis of compound 90b was surprisingly 
efficient. A mixture of oligomer and cyclic dialkoxydisulfide was obtained with 
the major product being our target molecule (~60% isolated). 
In summary, we have reinvestigated the synthesis of cyclic dialkoxy 
disulfides. Starting with a diol and sulfur monochloride, we were able to access 
five new molecules (84b, 85b, 87b, 88b and 90b). However, due to the instability 
of sorne of the products, the scope of the reaction is limited; only specifie 
substrates could be converted. Among the criteria used to select appropriate 
47 
starting material, ring size, the presence of an adjacent aromatic ring or the 
conformation of the molecule can be found as important variables. In the absence 
of cyclization, oligomers or elimination products were generated. 
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3 Experimental section 
General procedure for the synthesis of cyclic dialkoxy disulfides. The diol (1 
mmol) and the triethylamine (2 mmol) were successively added in a beaker 
containing dichloromethane (50 mLimmol of diol). With the help of a syringe, 
sulfur monochloride (1 mmol) was added dropwise at room temperature (addition 
at 5-10°C is appropriate). After 2-5 min addition according to the volume of 
reagent used, the reaction mixture was washed immediately 3 times with water. 
The solvent was dried over MgS04 and evaporated. The temperature of the water 
bath was kept below or around 30°C during solvent removal. In all cases, a white 
or yellowish solid was obtained, usually purified by silica gel column 
chromatography (1:3 - dichloromethane/hexane). 
1 ~ O-y CI:CC 
~ o-s CI 
84b 
Dialkoxy disulfide 84b from 4,5-dichloro-l,2-benzenedimethanol 84a. 
Obtained as a white solid in 87-93% yield. Rf = 0.56 (2:1 - petroleum 
ether/dichloromethane); Mp 108-109°C; IH NMR (300 MHz, CDCh) Ô ABq 
system 4.86 (d, 2H, J= 12.3 Hz), 5.01 (d, 2H, J= 12.3 Hz), 7.52 (s, 2H); l3C (75 
MHz, CDCh) Ô 71.3; 134.1; 134.5; 136.3; IR (KBr) 440,573,637, 794, 890,947, 
1140, 1466 cm-I; HRMS calcd for CgH6Ch02S2, 267.9186, found, 267.9195. 
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85b 
Dialkoxy disulfide 85b from 4-methyl-l,2-benzenedimethanol 85a. 
Obtained as a white solid in 88-92% yield. Rf = 0.42 (2: 1 - petroleum 
ether/dichloromethane); Mp 70-71 oC; mixture of enantiomers: IH NMR (300 
MHz, CDCh) Ô 2.41 (s. 3H), ABq system 4.91 (d, 2H, J= 12 Hz), 5.05 (d, 2H, J 
= 12 Hz), 7.29 (m, 3H); 13C (75 MHz, CDCh) Ô 21.6; 72.3; 73.0; 131.2; 132.4; 
133.1; 140.6; 150.0; IR (KBr) 413, 470, 569, 647, 683, 716, 757, 826, 925, 1041, 
1161, 1345, 1472, 1614; HRMS calcd for C9HlO02S2, 214.0122, found, 
214.0116. 
o=0-s o 1 ...-::::::' o-s 
87b 
Dialkoxy disulfide 87b from 3,4-furandimethanol 87a. 
Obtained as a white solid in 85-90% yield. Rf = 0.78 (2: 1 - petroleum 
ether/dichloromethane); Mp 83-84°C; IH NMR (400 MHz, CDCh) Ô ABq system 
4.75 (d, 2H, J= 12.8 Hz), 4.93 (d, 2H, J= 12.8 Hz), 7.55 (s, 2H); 13C (100 MHz, 
CDCh) ô 63.9, 121.1; 144.1; IR (KBr) 438, 604, 652, 668, 759, 825, 875, 943, 
1047, 1136, 1354, 1460, 1548; HRMS calcd for C6H603S2, 189.9758, found, 
189.9749. 
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88b 
Dialkoxy disulfide 88b from N-Propyl - 3,4 - pyrroledimethanol 88a. 
Obtained as a white solid in 5% yield. Rf = 0.45 (2: 1 - hexane/THF); IH NMR 
(300 MHz, CDCb) Ô 0.92 (t, 3H, J = 7.2 Hz), 1.81 (m, 2H), 3.84 (t, 2H, J = 7.2 
Hz), ABq system 4.74 (d, 2H, J = 12.3 Hz), 4.91 (d, 2H, J = 12.3 Hz), 6.73 (s, 
2H); l3C (75 MHz, CDCh) Ô 11.6, 24.9, 52.0, 66.5, 122.8; HRMS calcd for 
90b 
Dialkoxy disulfide 90b from Benzenediethanol 90a. 
Obtained as white solid in 60-65% yield. Rf = 0.14 (3:1 -
hexane/dichloromethane); Mp 48-50°C; IH NMR (400 MHz, CDCh) Ô 3.22 (m, 
4H), 4.11 (m, 2H), 4.50 (m, 2H), 7.20 (m, 4H); l3C (100 MHz, CDCb) Ô 33.5, 
75.7, 127.1, 129.4, 137.5; IR (KBr) 642, 756, 839, 988, 1045, 1109, 1443, 1489, 
1622, 2924, 3015; HRMS calcd for CI0H1202S2 + K+, 266.9915, found, 
266.9916. 
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N-Protection of diethyI3,4-pyrrole dicarboxylate 99. 
In a three-neck flask fitted with a water condenser, compound 99 (2.3 mmol) was 
dissolved in dry THF (10 mL). The solution was cooled to O°C with an ice bath 
before the successive addition of t-BuOK (2.6 mmol added slowly) and 1-
bromopropane (2.6 mmol). The mixture was stirred for 5 min. The ice bath was 
removed and the reaction mixture heated to reflux for 2h. After cooling to room 
temperature, the product was extracted with dichloromethane. Diethyl I-propyl 
3,4-pyrrole dicarboxylate 100 was isolated pure as an orange oil after solvent 
removal (72% yield) and used directly without further purification. lH NMR (300 
MHz, CDCh) ù 0.83 (t, 3H, J = 7.5 Hz), 1.25 (t, 6H, J = 6.9 Hz), 1.72 (m, 2H), 
3.74 (t, 2H, J = 7.2 Hz), 4.19 (q, 4H, J = 6.9 Hz), 7.12 (s, 2H); l3C (75 MHz, 
CDCh) ù 11.3; 14.7; 24.5; 52.2; 60.3; 116.0; 127.9; 163.7; HRMS calcd for 
88a 
Reduction of diethyI1-propyI3,4-pyrrole dicarboxylate 100. 
In a three-neck flask fitted with a water condenser, LAH (1.7 mmol) was 
suspended in 5 mL of dry THF. After the solution was cooled at O°C in an ice 
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bath, a solution of compound 100 (1 mmol) in dry THF (10 mL) was added 
slowly with a syringe. The mixture was stirred 5 min at OCC before being heated 
to reflux for 2h. After cooling to room temperature, the c1assical Fieser work-up 
was performed (quenching with water and aqueous NaOH). The resulting 
suspension was filtrated and washed with hot THF. A colorless or sometimes 
slightly orange oïl was obtained after solvent removal. Compound 88a (85% 
yield) was isolated and used without further purification. lH NMR (400 MHz, 
CDCl3) Ô 0.87 (t, 3H, J= 7.2 Hz), 1.72 (m, 2H), 3.70 (t, 2H, J= 6.8 Hz), 4.45 (s, 
2H), 6.55 (s, 2H). 
s-s 
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101b 
Dialkoxy disulfide 101b from a,a,a',a'-tetramethyl-2,2'-biphenyldimethanol 
101a.51 The diollOla (270 mg - 1 mmol- 1 equiv) and an excess oftriethylamine 
(2.5 mmol - 2.5 equiv) were successively added in a three-neck flask containing 
dry dichloromethane (50 mLimmol of diol). With the help of a syringe, sulfur 
monochloride (1 mmol) was added very slowly, dropwise at OCC (lce bath). After 
10 min addition, the reaction mixture was washed immediately 3 times with 
water. The solvent was dried over MgS04 and evaporated. The temperature of the 
water bath was kept below or around 25CC during solvent removal. 101b was 
obtained as a yellowish solid, which quickly polymerized at R T. 1 H NMR (400 
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MHz, CDCh) ù 1.45 (s, 6H), 1.65 (s, 6H), 7.34 (m, 8H); 13C (100 MHz, CDCh) ù 
32.3, 33.8, 76, 125.5, 127.8, 128.2, 129.9, 141.6 143.1; LRMS - El calcd for 
0-8 
1 0-8 
Dialkoxy disulfide l02b from (Z)-2,3-diphenyl-2-butene-l,4-diol102a.52 
The diol102a (242 mg - 1 mmol- 1 equiv) and the triethy1amine (2 mmol) were 
successively added in a three-neck flask containing dry dichloromethane (50 
mLimmol of diol). With the help of a syringe, sulfur monochloride (1 mmol) was 
added very slowly, dropwise at O°C (ice bath). After 10 min addition, an aliquot 
was taken from the reaction mixture and analyzed by IH NMR. Attempts to 
isolate the product were unsuccessful. IH NMR (400 MHz, CDCh) ù ABq system 
4.85 (dd, 4H), 7.1 (m, lOH). 
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Chapter 4: Isomerization of a CyeUe Dialkoxy 
disulfide to its Structural Thionosulfite Isomer: 
Possible Mechanism for Sulfur Extrusion 
The isornerization of a linear sulfur-sulfur bond to a branch-bonded structure has 
been subject to considerable debate as indicated in Chapter 2. Foss reviewed the 
evidence for the existence of sulfur branched-bond structure and underscored the 
possibility of an Ïsornerization between the two isomeric motifs.34 This theory 
was illustrated later in the case of S2F 2 structural isorners.37 The isolation of the 
first cyclic dialkoxy disulfide27 along with its thionosulfite isorner provided a new 
opportunity to study a possible interconversion between those kind of rnolecules. 
1 Conversion of dialkoxy disulfide 49 to its thionosulfite isomer 50 
Experiments designed to test the transformation between the two isomers were 
performed. Since the cyclic dialkoxy disulfides described in Chapter 3 were very 
sensitive to acidic conditions, hydrochloric acid HCI was first utilized as a 
potential catalyst. When acid was rigorously excluded during the reaction (e.g. 
new glassware), the conversion of 48 was sirnilar to previous report?7 Namely, 
no thionosulfite 50 was detected. Using an excess of triethylamine provided the 
same result with partial decornposition of 49 (base wash of the glassware likewise 
leads to sorne decomposition). 
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A deliberate attempt to introduce acid into the reaction was made. Results are 
summarized in Table 3. Before workup, all reactions were monitored by IH NMR 
at the times indicated. 
Table 3: Influence of the acidity on the products formation 
Ratio Main 
Entry" Temp COC) time (min) [Et3N]/[S2Clz] product Yield (%) 
1 25 5 2 49 95 
2 25 120 2 49 95 
3 25 5 1.7 49 95 
4 25 120 1.7 50 ~75 
5 0 120 1.7 50 ~50 
6b 25 5 -15 1 
a Reaction conditions are described in the experimental section ofthis chapter. 
bFeatureless spectrum. 
/~ 
At 25°C, in the presence of 1 equiv of S2Ch and 2 equiv of Et3N, diol 48 
provided dialkoxy disulfide 49 within a few minutes in high yield (Table 3, entry 
1). The dialkoxy disulfide was stable to longer reaction times (entry 2). When 
the concentration of Et3N was reduced to 1.7 equiv, permitting the liberation of 
free HCI, 49 was first produced in high yield (5 min), but then 2 h after the major 
product was thionosulfite 50 (75%) (entries 3 and 4 - Table 3; scheme 13). A 
similar result is observed at QOC, although the process is slower, as expected 
(entry 5). Reduction of the Et3N concentration to 1 equiv caused decomposition, 
possibly with the formation of oligomeric byproducts. Obviously, the course of 
the reaction is dependent on the concentration ofHCl. 
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Scheme 13: Preparation of 49 and 50 from 48 in presence of acid Hel 
To further substantiate these observations, a small amount of Hel gas was 
applied directly to the dialkoxy disulfide 49 (Table 4 - entries 3 to 8). 
In absence of acid (entries 1, 2 and 9) no conversion could be achieved; even 
at high temperature (entry 2), the dialkoxy disulfide 49 decomposed without 
formation of 50. On the other hand, thionosulfite 50 was produced in presence of 
hydrochloric acid Hel. Although the isomerization step occurs under acidic 
conditions, the mechanism behind the in situ transformation appeared more 
complex than a simple acid-catalyzed conversion. It could weIl involve the 
synergy of different molecules rather than the action of only one. As 
triethylammonium hydrochloride was a major byproduct in the first reaction 
(Table 3),27 it could possibly have been involved in this conversion. To test this 
proposaI, combinations of acid and ammonium salts were formulated in a series of 
experiments (entries 10 to 14 - Table 4). The addition of either triethylammonium 
hydrochloride or tetrabutylammonium chloride under acidic conditions promoted 
the conversion of the dialkoxy disulfide 49 to thionosulfite 50 in good yield. 
Polymerization or partial decomposition is believed to be one of the major side-
reactions observed during this transformation. 
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Table 4. Transformation of 49 to its structural isomer 50 
cc~s HGI / BU4NBr, 2h CCC 
1 ~ è l 's=s ~ / 
cl RT 0 
49 50 
Reaction HGI gas NMR Entry8 T (oC) time ~hl (ml) Additive Yield (%) 
25 2 
2b 90 2 
3 25 2 0.2 
4 25 24 0.2 
5 25 60 0.2 4 
6 25 366 0.2 7 
7 65 2 0.2 15 
8 25 2 2.0 
~-- 9 25 2 Bu4NBr 
10 25 2 0.2 Et3NHGI 61 
11 25 2 0.2 BU4NGI 63 
12 25 2 0.2 BU4NBr 65 
13 25 2 0.2 BU4NOAc 
14 25 1 0.2 BU4NBr excess 67 
a AU reactions were performed in toluene-dg, with a 5 mg/mL (0.025 mM) solution of 
the dialkoxy disulfide, a catalytic amount of Hel gas (0.3 equiv - 0.0075 mM) and a 
stoichiometric amount of salt. b Benzene-d6 was used as solvent and refluxed for 2h. 
Special attention was taken to ensure that no acid contaminant was present. 
A plausible mechanism for the conversion of 49 to 50 is suggested in Scheme 
14. These unusual conditions caU for the possibility of a SN2' reaction on the 
dialkoxy disulfide (an acid-promoted 7-exo-tet SN2' mechanism). Protonation of 
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49 followed by ring opening to give intermediate 103a is a reasonable working 
hypothesis. A subsequent ring closure yields thionosulfite 50. 
S 
Il 
cco-~ HCI ~oA'a - HCI CCG .. I~ .. l 's=s ~ o-s ~ / 0 
49 OH 103a 50 
Scheme 14. Possible mechanistic pathway for the conversion of 49 to 50 
The salt added afterward (entries 10 to 14 - Table 4) might serve as a source 
ofnucleophilic chloride ion, speeding up the reaction (Scheme 14). Evidence of 
its nucleophilic character has been observed under other circumstances. For 
instance, when 1,3 diphenyl-l,3-propandiol 91a was subjected to the original 
reaction conditions (S2Ch, Et3N), a significant amount of the corresponding 1,3-
dichloropropane 97 was isolated (Chapter 2)53 along with what was suspected to 
be oligomers of the corresponding dialkoxy disulfide. Precipitation of the salt 
(Et3N.HCI) as it forms, suppressed the formation of 97. A plausible explanation 
is the displacement of the dialkoxy disulfide moiety by the chloride ion of the salt 
(Scheme 15). Interestingly, the use of a non-halogen counter-anion did not 
promote the transformation (entry 13 - Table 4). This would be in agreement 
with the proposed mechanism as halogens have properties both as nucleophiles 
and leaving groups. 
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OH OH 
91a 
CI CI 
97 
Scheme 15: Formation of dichloro compound 97 by a possible displacement of 
the dialkoxy disulfide moiety 
Finally, the acid-promoted conversion of a purified sample of 49 to 50 was 
monitored by IH NMR as depicted in Figure 2. A CDCh solution containing the 
dialkoxy disulfide 49, tetrabutylammonium bromide, and HCI (0.5:1.0:0.1 ratio, 
respectively) with 1,3,5-tri-tert-butylbenzene as an internal standard was 
monitored every 15 min by integrating the benzylic protons. The disappearance 
of dialkoxy disulfide 49 is accompanied by the simultaneous formation of 
thionosulfite 50. Similar results were obtained in toluene-ds. 
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Isomerization of 49 to 50 
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90 • • 
80 • 
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Figure 2: Monitoring the conversion of 49 (square) to 50 (lozenge) by IH NMR 
(CDCb, 22°C) in the presence of HCI and tetrabutylammonium bromide with 
1,3,5-tri-tert-butylbenzene as an internaI standard; a peak at 5.5 ppm revealed the 
formation of sulfoxylate 104 over the course of the experiment 
2 Note on the conversion of other cyclic dialkoxy disulfides 
To further study and understand the isomerization between 49 and 50, other 
cyclic dialkoxy disulfides (cf. Chapter 3) were reacted under our described 
conditions. Only compound 85b could be converted to the corresponding 
thionosulfite isomer 85c. Dialkoxy disulfide 87b, 88b and 90b did not yield their 
corresponding isomers. At tbis time it is not c1ear why the quite stable dialkoxy 
disulfide 87b could not be converted; 88b and 90b were unstable and very 
sensitive to acidic conditions. 
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This work conclusively demonstrates that a cyclic dialkoxy disulfide could be 
converted to its thionosulfite isomer. As the reversibility of the transformation 
(conversion of 50 back to 49) was still in question, further studies were 
conducted. 
3 Study of the reverse isomerization 
Acidic conditions were similarly applied to pure samples of the cyclic 
thionosulfite 50. A small amount of the cyclic sulfoxylate 104 was quickly 
produced instead of the dialkoxy disulfide 49 (Scheme 16). Mechanistically, no 
relationship between thionosulfite 50 and sulfoxylate 104 was proposed; its 
formation was believed to be a competitive process to the isomerization.27 It 
seems the sulfoxylate formation might instead be the result of a sulfur extrusion 
from a branched-bond structure, thus illustrating the initial sequence underscored 
by FOSS?4 
No other product was observed under the reported conditions; results are 
summarized in Table 5 and Scheme 16. Although elemental sulfur was recovered 
at the end of the reaction, the actual process by which the sulfur atom is lost 
remains unknown; the formation of HSCI could be involved with its 
decomposition leading to the release of S2 (to S8) and HCl, nevertheless this 
remains hypothetical. A control experiment based on the use of lead acetate was 
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also performed to detect any potential release of H2S, but no characteristic 
precipitation was observed.54 
S 
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Scheme 16. Possible mechanistic pathway for the formation of sulfoxylate 104 
Table 5. Formation of sulfoxylate 104 from thionosulfite 50 
0=0 HCI (9) 0=\ l 's=s • ~-- ~ / RT - 2 min. ~ / 0 0 
50 104 + 1/8 S8 
Entrya T (oC) Reaction Conditions NMR time (min) Yield (%) 
90 120 
2 25 120 HCI (9) 15 
3 25 2 HCI (9) 15 
4 65 2 HCI (9) 10 
5 25 120 HCI (9) / BU4NCI 10 
a AlI reactions were performed in toluene-dg with a 5 mg/mL (0.025 mM) solution of 
thionosulfite, a catalytic amount of Hel gas and a stoichiometric amount of salt were 
applied. 
These results demonstrate that in the presence of hydrochloric acid, cyclic 
thionosulfite 50 is partially converted to the corresponding sulfoxylate 104. 
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Reports of sulfoxylate formation during previous experiments27 might therefore 
be the result of a sulfur extrusion from a sulfur branched bond. The existence of 
several pathways in the desulfurization of the dialkoxy disulfide 49 can however 
not be ruled out and the formation of sulfoxylate 104 during the isomerization 
could be the result of a sulfur extrusion from different intermediates (e.g. 103a 
and 103b). The stability of the cyc1ic thionosulfite and the easy rearrangement 
between structural isomers 49 and 50 bring strong evidence that a sulfur-branched 
bond can indeed be involved in a desulfurization process. 
8 
Il 
~O",,8'CI ~ cç ",,8, ...... CI lOS # 
OH 103a OH 103b 
A pure sample of sulfoxylate 104 was subjected to identical acidic conditions. 
Although the results were not as satisfactory as for earlier experiments, a trace of 
thionosulfite 50 could c1early be detected by IH NMR (3%, internai standard). 
Carrying out this same reaction in the presence of e1emental sulfur Ss did not 
increase the yield of 50. The mechanism behind this interesting transformation is 
unc1ear as the origin of the extra sulfur atom has yet to be determined. However, 
this evidence brings better insight into thionosulfite chemistry as well as into the 
sulfur insertion hypothesis.39 
FOSS34 postulated that sulfoxylate might be the most favorable structure to 
accept an extra sulfur atom. Our results are indeed in agreement with this 
65 
statement. Moreover, our group reported the use of the mono-atomic sulfur 
transfer reagent thiobisbenzimidazole 105 to convert directly diol 106 into the 
two-sulfur containing thionosulfite 107 via a likely sulfoxylate intermediate;55 the 
method is still recognized as an appropriate route for the synthe sis of those 
compounds.33 Mechanistic speculations pointed towards the preliminary 
formation of sulfoxylate 108, which is further supported by our finding. 
106 
S 0/ '0 
108 107 
Scheme 17: Thionosulfite 107 from diol106 possibly via sulfoxylate 108 
As previously mentioned, the use of hydrochloric acid was ineffective in the 
reconversion of 50 to 49. Other conditions were therefore tested and some 
examples are presented in Table 6. A preliminary success was achieved when 
triphenylthiosulfenyl chloride 109 was reacted with thionosulfite 50 in presence 
of acetic acid (entries 9 to Il - Table 6). The large chemical shift separation in 
the AX pattern characteristic of the cyclic thionosulfite 50,27 partially disappeared 
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and a new major AB quartet similar to the signal of the cyclic dialkoxy disulfide 
49 could be observed (IH NMR: 5.12 ppm). The difference in chemical shift as 
well as previous results on the use of 109 led us to conclude that the new 
compound could be the dialkoxy tetrasulfide 110. 
110 
Indeed, 109 is known to convert disulfides such as 111 into the corresponding 
tetrasulfides (e.g. 112) in presence of acetic acid (Scheme 18a).56 Although 110 
has not been isolated yet due to unresolved purification difficulties, it is not 
unreasonable to believe that such a reaction might take place on the thionosulfite 
(Scheme 18b). Similar experiments on dialkoxy disulfide 49 did not yield any 
product, which leads again to the conclusion that branched bonds are more 
reactive and therefore are more likely to be intermediate in transformation 
involving disulfide molecules. 
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,~, Table 6: Study of the reverse isomerization (50 to 49) 
Main 
Entrya Tee) time (min) Conditions 
product 
1 25 5 BF3.Et2O 
2 25 5 CuCl 
3 25 5 CuBr 
4 25 5 CuI 
5 25 5 CuBr2 
6 25 5 Cu(OMe)2 
7 25 5 NaOMe 
8 25 5 Ph3CSSCII09 104 
9 25 5 109 - Acetic acid 110 
10 0 120 109 - Acetic acid 110 
11 50 5 109 - Acetic acid 110 
a AH reactions were performed in toluene-dg with a 5 mg/mL (0.025 mM) solution of 
thionosulfite 50 and a catalytic amount metal complexes. Bach entry was performed in 
presence and absence of acid. 
__ 1_œ ___ .~ œ~ S-y 
A S-S Acetic acid h' 
111 112 
CCC l 's=S # 1 
° 
109 
Acetic acid 
50 110 
Scheme 18. a) Conversion of disulfide 111 to the tetrasulfide 112; 
b) Possible conversion of 50 to dialkoxy tetrasulfite 110 
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In summary, we investigated the rearrangement between dialkoxy disulfide 49 
and thionosulfite 50. Early literature claimed that interconversion of FSSF and 
F2S=S is uncatalyzed,37,42 while other work suggested acid mediation. 
Experimentally, the situation is not fully resolved. We have carefully evaluated 
the conversion of 49 to 50 under a variety of conditions and demonstrated that this 
transformation requires the presence of acid. Although an interconversion 
between the isomers might be possible, the reverse process from 50 to 49 could 
not be achieved under the tested conditions, yielding instead what might be the 
dialkoxy tetrasulfide 110. 
It has also been demonstrated that a cyclic dialkoxy disulfide can be converted 
to its structural thionosulfite isomer and subsequently lose sulfur. This process 
seems partially reversible as sulfoxylate 104 can acquire a sulfur atom giving 
thionosulfite 50. Again, the involvement of hydrochloric acid is necessary to 
promote these conversions. 
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4 Experimental section 
Isomerization of 49 to 50: 
A. Preparation of the Hel Solution. Gaseous HCI was generated in a three-neck 
flask under nitrogen by dropwise addition of concentrated sulfuric acid (20 mmol, 
1 equiv) to solid sodium chloride (40 mmol, 2 equiv). Using a plastic syringe, the 
gas (3 mL, 25°C) was dissolved in 3 mL of dry CDCh (99.8%) at room 
temperature. The resulting solution was titrated with amidazophene in the 
presence of dimethyl yellow.57 Specifically, a sample of the HCl/CDCh solution 
was placed in a 5-mL round-bottom flask under nitrogen. One drop of a 0.1 % 
solution of dimethyl yellow indicator in dry benzene was added to the sample 
before the solution was titrated with a 0.01 M solution of amidazophene in dry 
benzene. The solution of amidazophene was slowly added dropwise until the pink 
color turns slightly yellow. The HCI concentration was determined to be 0.013 
M. The CDCh used was similarly tested for HCI and found to contain negligible 
amounts of acid. 
~' 
, ' 
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B. tH NMR (500 MHz) Monitoring of the Isomerization. Vials and NMR tubes 
used below were new and preheated in an oyen (100°C) for several hours before 
use. A pure sample of dialkoxy disulfide 49 (5.0 mg, 0.025 mmol, 1 equiv) in 1 
mL of CD Ch containing tetrabutylammonium bromide (17.0 mg, 0.050 mmol, 2 
equiv) was prepared. 1,3,5-Tri-tert-butylbenzene (2.1 mg, 0.008 mmol, 0.33 
equiv) served as the internaI standard. After taking the IH NMR spectrum and 
integrating the methylene protons for time-zero values, the dialkoxy disulfide 
solution was transferred to a vial and the experiment was initiated by dropwise 
addition of 0.4 mL of the HCl/CDCb solution (~0.005 mmol, 0.2 equiv). The 
solution was mixed and replaced in the NMR tube. Relative amounts of both 
dialkoxy disulfide 49 and thionosulfite 50 were monitored by integrating the 
methylene protons approximately every 15 min for several hours (delay time: dl = 
20 s). The NMR device was reshimmed a number of times throughout the 
experiment. In addition to the loss of 49 and formation of 50, a peak at 5.5 ppm 
demonstrated the formation of sulfoxylate 104 over the course of the experiment 
for a final yie1d of 3-4%. The experiment was performed at a corrected probe 
temperature of 22°C; 500 MHz. 
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cc~ OH # OH 
48 49 50 
Preparation of 49 and 50 in the Presence of Acid (Table 3): A solution of 48 (1 
mM, 1 equiv) and triethylamine (2 mM, 2 equiv) in 20 mL ofCH2Ch was allowed 
to stir under nitrogen at 25°C. A solution of S2Ch (1 mM, 1 equiv) in 30 mL of 
CH2Ch was added dropwise over 5 min. 
Entry 1: The reaction mixture was immediately worked up with 3 x 30 mL of 
H20. The organic phase was dried over MgS04 and vacuum filtered. The solvent 
was removed first under reduced pressure and then in vacuo. A colorless 
crystalline sol id was obtained and purified over neutral alumina (25% 
CH2Ch/hexanes) to afford 49 as a white solid (92%); Mp 59-60°C; IH NMR 
spectra are in agreement with values reported previously. 
Entry 2: The reaction mixture was prepared as in entry 1 and allowed to stir for 
an additional 2 h at R T. Workup was identical to entry 1 to afford 49 as a white 
solid (90%); Mp 59-60°C; IH NMR speCtra are in agreement with values reported 
previously. 
Entries 3, 4, and 5: A solution of 48 (1 mM, 1 equiv) and triethylamine (1.7 mM, 
1.7 equiv) in 20 mL ofCH2Ch was stirred under nitrogen at 25°C and treated with 
S2Ch as described above over 5 min. 
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Entry 3: With the exception of the reduced amount of Et3N, the reaction mixture 
was treated and worked up as in entry 1 to afford 49 as a white solid (89%). Mp 
59-60°C; IH NMR spectra are in agreement with values reported previously. 
Entry 4: The reaction mixture was treated and worked up as in entry 2 to afford 
50 as a white solid (75%; 65-75% range for different runs); Mp 73-74°C; IH 
NMR spectra are in agreement with values reported previously. 
Entry 5: The reaction mixture was allowed to stir for 2 h at 5°C (ice bath) and 
worked up as above. Solvent removal yielded a yellow oil that proved to be an 
approximatel:l mixture of 49 and 50 according to IH NMR (i.e., 40 and 45%, 
respectively, as monitored by the tri-t-butybenzene internaI standard); the spectra 
are in agreement with values reported previously for both compounds. 
Entry 6: A solution of 48 (1 mM, 1 equiv) and triethylamine (1 mM, 1 equiv) in 
20 mL of CH2Ch at 25°C was stirred for 5-15 min. An aliquot of the mixture was 
taken and analyzed by IH NMR as above to yield a broad and featureless 
spectrum. 
50 104 
Conversion of thionosulfite 50 to sulfoxylate 104: A pure sample of 
thionosulfite 50 (5 mg, 0.025 mmol) was dissolved in 1 mL oftoluene dg. 1,3,5-
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Tri-tert-butylbenzene (2 mg) served as the internaI standard. After taking the IH_ 
NMR spectrum, the thionosulfite solution was transferred to a vial and the 
experiment was initiated by dropwise addition of 0.4 mL of a HCI/Toluene-d8 
solution (0.2 equiv). The solution was mixed and replaced in the NMR tube. 
Relative amounts of both thionosulfite 50 and sulfoxylate 104 were estimated by 
integrating the methylene protons a:fter 2h. IH-NMR for thionosulfite 50: 07.32 
(m, 4H), 6.61 (d, 2H, J = 14.25 Hz), 4.49 (d, 2H, J = 14.25 Hz); BC NMR 62.9, 
128.4, 129.5, 136.9; IH-NMR for sulfoxylate 104: 0 7.28 (m, 4H), 5.54 (s, 4H); 
BC NMR 0 88.7, 128.4, 129.8, 138.6. 
104 50 
Conversion of sulfoxylate 104 to thionosulfite 50 in presence of elemental 
sulfur: A pure sample of sulfoxylate 104 (5 mg, 0.03 mmol) was dissolved in 1 
mL of toluene d8• 1,3,5- Tri-tert-butylbenzene (2 mg) served as the internaI 
standard. A stoichiometric amount of elemental sulfur S8 (8 mg, 0.03 mmol) was 
added to the solution. After taking the IH-NMR spectrum, the sulfoxylate 
solution was transferred to a vial and the experiment was initiated by dropwise 
addition of 0.4 mL of a HCl/Toluene-d8 solution (0.2 equiv). The solution was 
mixed and replaced in the NMR tube. Relative amount of thionosulfite 50 was 
estimated by integrating the methylene protons after 15 minutes (ca 3%) IH-NMR 
for thionosulfite 50: 07.32 (m, 4H), 6.61 (d, 2H, J = 14.25 Hz), 4.49 (d, 2H, J = 
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14.25 Hz); 13C NMR 62.9, 128.4, 129.5, 136.9. IH-NMR for sulfoxylate 104: Ô 
7.28 (m, 4H), 5.54 (s, 4H); 13C NMR Ô 88.7, 128.4, 129.8, 138.6. 
yv'o-y 
~o-s 
85b 85c 
Conversion of dialkoxy disulfide 85b to thionosulfite 85c: A pure sample of 
dialkoxy disulfide 85b (5.0 mg, 0.024 mmol, 1 equiv) in 1 mL of CH2Ch 
containing tetrabutylammonium bromide (17.0 mg, 0.050 mmol, 2.1 equiv) was 
prepared. 1,3,5-Tri-tert-butylbenzene (2.1 mg, 0.008 mmol, 0.3 equiv) served as 
the internaI standard. The experiment was initiated by dropwise addition of 0.4 
mL of the HCI/CHCh solution (~0.005 mmol, 0.21 equiv). The reaction mixture 
was allowed to stir for an additional2 h at RT before being worked up with H20. 
The organic phase was dried over MgS04 and vacuum filtered. The solvent was 
removed first under reduced pressure and then in vacuo. IH NMR spectra was in 
agreement with values reported previously for thionosulfite 50. 
110 
Preparation of possible dialkoxy tetrasulfide 110. A solution containing a pure 
sample ofthionosulfite 50 (5.0 mg, 0.025 mmol, 1 equiv) in 1 mL ofCH2Ch was 
prepared. No particular precaution was taken. Triphenylthiosulfenyl chloride 109 
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(5.0 mg, 0.015 mmol, 1 equiv) and acetic acid (10 Jll) were respectively added at 
RT. After stirring for 5 minutes, the reaction mixture was worked up with water. 
The organic phase was dried over MgS04 and vacuum filtered. The solvent was 
removed under reduced pressure. 1 H NMR spectra showed a clear AB quartet at 
5.12 ppm similar to the dialkoxy disulfide signal. 
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/"" .. Chapter 5: The Chemistry of Carbonic Acid 
Diesters 
Apart from a few reviews, general summaries on the uses and synthesis of organic 
carbonates are scarce in the literature. l More specialized literature work2 is 
however abundant especially on dimethyl carbonate, cyclic carbonate and 
polycarbonate. One review published by Sivaram lb in 1996 seems to be the most 
recent comprehensive paper to date and will serve as a major reference throughout 
this Chapter. 
As mentioned in Chapter 1, organic carbonates 3 are known as carbonic acid 
diesters. Carbonic acid 113 can be described as the hydrate form of carbon 
dioxide (Scheme 19). The equilibrium between carbon dioxide and carbonic acid 
is therefore of major importance, as it naturally occurs and has a significant role in 
geological, chemical and biological systems.3 Since the 1960s, several authors 
have aimed to synthesize and study carbonic acid in its pure state in order to gain 
a betier understanding of its various roles in natural and universal processes.4 
• (eq.1) 
Scheme 19: Equilibrium between carbon dioxide and carbonic acid 113 
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The esterification of carbonic acid leads to the formation of two esters sub-
classes: carbonate monoesters or hemicarbonic acids 114 and carbonate diesters 3. 
As hemicarbonic acids 114 obtained through the reaction of an alcohol and carbon 
dioxide are unstable, the words "organic carbonates" will be used to describe the 
more stable carbonate diesters 3. 
Organic carbonates are important industrial precursors used in analytical 
chemistry, organic synthesis and material science. Various synthetic 
methodologies have been developed for their production and rely either on the 
condensation of an alcohol and an acid (which is the original definition of an ester 
molecule) or on the use of an already existing carbonate precursor. 
The scope of the following section will be to give a general idea on the 
synthe sis and uses of organic carbonates with a particular focus on carbon dioxide 
chemistry. 
1 General methods for the synthesis of organic carbonates 
Several approaches can be identified according to the reagents originally used. 
For instance, the reaction involving phosgene 23 or one ofits equivalents 115 was 
one of the earliest investigated reactions. The others are mainly based on the use 
of urea 25, metal carbonates, carbon monoxide or carbon dioxide. 
1.1 Phosgene and ifs derivatives 
Phosgene 23, diphosgene 115a or triphosgene 115b are important precursors 
for the synthe sis of carbonates.Ib,S Reported more than a century ago in the 
1880s, the reaction of phosgene 23 with alcohols or alcoholates leads to the 
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formation of the corresponding organic carbonates.6 Pyridine has been described 
as an efficient catalyst for this transformation. It is now accepted that this base 
also plays a catalytic role by activating phosgene (formation of a pyridinium salt 
116).lb,7 
0 0 0 0 
CI)lCI 
N ~ RO)lOR O.Jlcl 2ROH + 1# 
23 3 
116 
0 0 0 )l ....... CCI3 CI3C...... )l ....... CCI3 (''N'JlN~ CI 0 o 0 N~ bN 
115a 
r-~ 
115b 115c 
Seheme 20: Use of phosgene 23 for the preparation of organic carbonates 
Diphosgene 115a, triphosgene 115b and 1, l' -carbonyldiimidazole (CDI) 115e 
have more recently been used as alternative reagents to phosgene 23. 
Respectively liquid and solids, they are safer to handle due to their physical 
properties.1,5 
1.2 Urea 
Reactions based on urea 25 have also been explored. Although urea is more 
often reacted with alcohols to produce carbamates 2, prolongation of the same 
reaction at a higher temperature can afford the corresponding carbonates 3.8 
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The product distribution can be tuned by the selection of the appropriate 
catalyst. For instance, the combination of a weak Lewis acid and a Lewis base 
such as AI(iBuhH and P(NMe2)3 gives a high yield carbonate product (ca 94%).9 
The mechanism for this reaction is presented below. 
-NH3 
o 
-NH3 )l 
.. RO NH2 
ROH 
25 2 
Scheme 21: Preparation of organic carbonates 3 from urea 25 
1.3 Metal carbonates 
The reaction of metal carbonates with alkyl halide has also been investigated, 
but has not received much attention. This could possibly be explained by the 
insolubility of inorganic carbonates in organic solvents. 
Silver carbonate for example, was successfully reacted with alkyl iodide. lO 
Potassium and cesium carbonates were also effectively coupled with alkyl 
bromide in the presence of various catalysts such as phase transfer reagents (e.g. 
18-crown-6-ether).1l Although good yields could be obtained, the harshness of 
the reaction conditions (high temperatures and very long reaction times) 
hampered the application of this method. 
18-Crown 
-6-ether 
o )l +2KBr 
RO OR 
3 
Scheme 22: Preparation of alkyl carbonates 3 from potassium carbonate 
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1.4 Carbon monoxide 
The oxidative carbonylation refers to the insertion of carbon monoxide into an 
organic substrate. The reaction is usually catalyzed by palladium complexes. I2 
The oxidative carbonylation of alcohols was reported as early as 1966.13 The 
method became really industrially attractive and practical when copper salts such 
as copper chloride (CuCI) could be used catalytically in presence of oxygen. For 
instance, Romano and co-workersI4 were among the first authors to describe the 
synthe sis of dimethyl carbonate (DMC) 20 by oxidative carbonylation of 
methanol using copper salt as catalyst (Scheme 23). 
CuCI o A +H20 
MeO OMe 
MeOH + CO + 1/2 O2 
20 
Scheme 23: Production ofDMC 20 from methanol and carbon monoxide 
The analogous carbonylation reaction of aromatic hydroxyl compounds was 
however less successfu1. 1b 
1.5 Carbonate dioxide 
Carbon dioxide CO2 has also been reported as an alternative reagent to 
phosgene 23 and eventually to carbon monoxide. As it is a cheap, non-toxic, 
abundant and readily available C 1 feedstock, C02 is a preferable precursor for the 
synthesis of carbonates. This aspect will be further described in a subsequent 
section. 
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1.6 Miscellaneous methods 
Finally, a few other interesting methods for the preparation of organic 
carbonates are noteworthy. Transesterification, ozonolysis and the oxidation of 
formates or ketones, have also been reported (Scheme 24).lb 
a) 
b) 
c) 
21 
MeO 
1 - MeOH 
2 - PhOH 
Cat., 130°C 
95% 
OMe 
>=< 
0 3 
MeO OMe 
118 
0 
... 
117 
0 
0/ '0 
MeoHoMe 
MeO OMe 
119 
Se 0 
RO)lH + NaOR1 + 1/202 - RO)lOR1 
120 3 
0 
-)l 
MeO OMe 
20 
+ NaOH 
Scheme 24: a) The preparation of diphenyl carbonate 117 relies on the 
transesterification of ethylene carbonate 21; b) The reaction of 
tetramethoxyethylene 118 with ozone leads to ozonide 119 which subsequently 
gives two molecules of dimethyl carbonate 20; c) The addition of methyl formate 
120 to a solution of sodium methoxide and metallic selenium afforded dimethyl 
carbonate 3 in high yield 
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2 Carbonates and polycarbonates from carbon dioxide 
The use of carbon dioxide to prepare organic carbonates and their 
corresponding polymers has been extensively studied and remains today a major 
research area. In fact, the chemistry of carbon dioxide itself has seen an 
exponential development in the last decade due to the rising problems associated 
with the depletion of petroleum feedstock and greenhouse gas emissions.15 
Carbon dioxide is not only used in the synthesis of carbonates but also in the 
preparation of carboxylic acids, carboxylic esters and carbamates. 16 The current 
section will further describe the synthesis of organic carbonates from CO2; as 
polycarbonates are also made from a similar reaction, it will be included in the 
Same section. 
2.1 Coupling of carbon dioxide with alcohols 
A parent process to the oxidative carbonylation of alcohols (ROH + CO) is the 
coupling of carbon dioxide with alcohols. Since the initial report1b,17 in the 1970s, 
several conditions have been described for this oxidative carboxylation process. 
For instance, aliphatic alcohol such as 2-butanol121 reacts with carbon dioxide to 
give the corresponding alkyl carbonate 122 in good yield. Stoichiometric 
amounts of triphenylphosphine and diethyl azodicarboxylate (DEAD) 123 are 
necessary for this coupling. 18 
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/'y OH 
2 1 +C02 
121 
Ph3P 
DEAD 123 
+ Ph3P=O 
122 
+ 
Scheme 25: Di-sec-but yi carbonate 122 from 2-butanol121 and carbon dioxide 
Other conditions include the use of dibutyltin dialkoxide or mercury acetate as 
catalyst. If ethylene glycol is used as the starting material, then the corresponding 
cyclic carbonate, ethylene carbonate 21, can be isolated. 
2.2 Coupling of carbon dioxide with an epoxide 
The coupling of carbon dioxide with an epoxide is by far one of the most 
documented reactions. This interest can be explained by the fact that both cyclic 
carbonates and the corresponding polycarbonates can be obtained as a major 
product in this reaction. 
Vierling was apparently the tirst to report the coupling of C02 with an oxirane in 
1943. His preliminary work published in a German patent disclosed the use of 
sodium hydroxide carried on activated charcoal to produce a carbonate molecules 
(e.g. ethylene carbonate 21).19 Although the efficiency ofthis reaction was poor, 
many authors undertook similar research. Twenty-six years later in 1969, Inoue 
and co-workers demonstrated that the preparation of polycarbonates could also be 
achieved by the coupling of C02 and an epoxide.20 This was a signiticant 
breakthrough as both cyclic carbonates and polycarbonates could be obtained as a 
major product in this reaction. 
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21 
124 
* 
Scheme 26: The reaction of carbon dioxide with ethylene oxide 124 selectively 
produces both ethylene carbonate 21 and its polymer polyethylene carbonate 
Since those original reports, many reVlews have highlighted the tremendous 
amount of work achieved in this area?l In 1996, Darensbourg summarized the 
catalysts effective both for the synthesis of cyclic carbonates and 
polycarbonates.21b His review remains one of the most recent comprehensive 
literature works on the topic. 
Alkali metal salts (LiCI, KCI, NaCI), quatemary salts such as alkyl 
ammonium (including ionic liquids) and phosphonium salts were used for the 
synthe sis of cyclic carbonates. Main group metal ion halide or main group metal 
complexes [AI(III), Sn(IV), Te(IV)] were found to be effective both for the 
synthe sis of the monomer and the pol ymer. Other catalysts based on Zn(II) , 
Cd(II), Cr(III) and Co(III) were reported for the copolymerization of carbon 
dioxide and epoxides. 
94 
r\ 2.3 Coupling of carbon dioxide with a propargylic alcohol 
The coupling of CO2 with an acetylenic alcohol such as 125 has been known 
at least since the early 1960s.22 Various metal complexes inc1uding Cu, Co, Ru 
and Pd were reported as efficient catalyst for this reaction?3 Dixneuf and 
Bruneau also described the simple use of tribut yi phosphine to catalyze fuis 
transformation?4 Tertiary alcohols were however necessary to obtain satisfactory 
yields. 
OH 
RI~ 
125 126 
75 - 98% 
Scheme 27: Preparation of cyc1ic carbonate 126 from carbon dioxide and 
propargylic alcohol125 
2.4 Coupling of carbon dioxide with allenylic and allylic alcohols 
Surprisingly, only the work of Inoue is available on the coupling of an 
allenylic alcohol such as 127 with C02?5 The original concept can apparently be 
credited to Kang who observed the unexpected formation of cyc1ic carbonate 
when working on the arylation of allenes.26 Following Kang's report, Inoue and 
co-workers designed the three-component coupling reaction of allenylic alcohol 
127, carbon dioxide and phenyl iodide 128 to produce the cyc1ic carbonate 129 
(Scheme 28). 
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The coupling of allylic alcohols like 130 (Scheme 26) with carbon dioxide is 
similar to the reaction of allenylic alcohols. In 1981, Cardillo and co-workers 
developed a procedure for the synthe sis of five and six-membered cyclo iodo 
carbonates?7 Reaction of an allylic alcohol with a base, carbon dioxide and 
iodine afforded the expected product in good yield. 
0 
OH O~ Rl~ Pd / Base ~ + CO2 + Phi .. Rl R2 R2 127 128 129 Ph 
90% 
0 
OH O~ Rl~ BuU + CO2 + 12 K .. R2 Rl R2 1 
130 131 
70 - 90% 
Scheme 28: Cyclic carbonates 129 and 131 from allenylic and allylic alcohols 
127 and 130. 
2.5 Coupling of carbon dioxide with an alcohol and an alkyl halide 
(Including halohydrins) 
The reactions presented in this section as weIl as those described in paragraph 
2.3 and 2.4 rely on the same common principle: the segregation or trapping of 
carbon dioxide between a nucleophile, in this case an alcohol, and an electrophile 
(Scheme 29). 
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Scheme 29: General principle for the capture of C02 into organic carbonate 
Therefore, the reaction of an alcohol, carbon dioxide and an alkyl halide in 
presence of a base leads to the formation of the corresponding carbonate. Known 
in the literature patent since the 1960-1970s,28a the reaction was further studied in 
the 1990s.28b Halohydrin or a-hydroxytosylate led to cyclic carbonates.29 
0 
Base 
ROAOR 
ROH + CO2 + RBr • 
3 
,~, 0 
CO2 
oAo CO2 HO,---!Br Base Base HO OTs 
• U .. \..-.1 
132 21 133 
Scheme 30: a) Synthesis of carbonate 3 from an alcohol, carbon dioxide and an 
alkyl halide; b) Preparation of 21 from bromohydrin 132 and a-hydroxytosylate 
133 
2.6 Coupling of carbon dioxide with an acetal 
Sakakura is the main investigator of the reaction between carbon dioxide and 
an acetal. 30 Dimethyl carbonate 20 was obtained in high yield (ca 88%) by the 
reaction of dimethyl acetal 134 with C02; a stoichiometric amount of acetone is 
produced during this process. 
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134 
o 
MeO~OMe 
20 
+ 
o 
A 
Scheme 31: Dimethyl carbonate 20 from dimethyl acetal134 
2.7 Coupling of carbon dioxide with an alkene 
The oxidative carboxylation of olefins was reported by Verdol in 1962?1 
Although the method is clearly advantageous as unfunctionalized olefins (e.g. 
propylene) are employed, it received very little attention and only a few reports 
are available in the literature (mainly patents).32 More recently, a series of papers 
on the conversion of styrene 135a to styrene carbonate 135b was published 
separately by Aresta and Arai. 33 
Aresta and co-workers33a described the coupling of styrene 135a, carbon 
dioxide and oxygen catalyzed by palladium, ruthenium or metal oxide. The 
process is believed to involve an epoxide-like intermediate. The concept of this 
transformation is therefore based on the coupling of an epoxide and carbon 
dioxide. Arai and co-worker33b have also focused their work on the in situ 
epoxidation of styrene 135a using TBHP as oxidant. U sing tetrabutylammonium 
bromide as catalyst and solvent, they succeeded in coupling 135a and carbon 
dioxide in the presence of TBHP. The role of the bromide ions in the epoxidation 
of styrene was demonstrated. 
As will be discussed in Chapter 6, most of these reactions are inefficient (low 
yield) and based on the use of stoichiometric amount of reagents. The search for 
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a less-expensive, more efficient and catalytic system is therefore still of great 
interest. 
CO2 +02 0-1(0 
PdCI2 
V ~o 
135a CO2 + TBHP 135b 
TBAB 
Scheme 32: Styrene carbonate 135b from styrene 135a 
3 Applications of organic carbonates 
Organic carbonates have found applications in various domains ranging from 
organic synthesis to fuel additives. Several papers and reviews are available on 
this topiC.1b,2 There are in fact, four major molecules used in organic synthe sis 
and in industrial processes: dimethyl carbonate 20, ethylene carbonate 21, 
propylene carbonate 22 and diphenyl carbonate 117. 
Dimethyl carbonate (DMC) 20 is probably the most important carbonate in 
industry? Well-known in organic synthesis, it replaced dimethyl sulphate 24 and 
phosgene 23 respectively as methylating and carbonylation reagents (alkoxy 
carbonylation and methoxycarbonylation). It is also used for the synthesis of 
alkoxysilane, polycarbonate and polyurethane. Finally, DMC is employed as 
solvent and additive to gasoline. 
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f--' Diphenyl carbonate 117 is a versatile precursor in polymer chemistry.15 It is 
used in the preparation of low molecular weight aliphatic monoisocynates, as well 
as in the preparation of aromatic polyesters. 
Ethylene and propylene carbonates 21 and 22 are five membered cyclic 
carbonates with a significant industrial importance.21d Domains of application 
vary from analytical and synthetic chemistry to polymer and material science. For 
instance, as polar solvents, they are used for extraction (e.g. extraction of metals) 
and additives for hydraulic fluids. In synthetic chemistry, ethylene carbonate 21 
is a precursor in the preparation of urethanes, urea and 1,2 diols. It is also a 
reagent of choice in oxy-alkylation reactions. Finally, in polymer science, those 
cyc1ic carbonates are not only used for the synthesis of polycarbonates or 
polyurethanes, but also for the preparation of thermosetting resins and the 
acceleration of curing (hardening of a polymer) in a number of resins. 
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Chapter 6: Conversion of Carbon Dioxide and 
Olefins into Cyelie Carbonates in Water 
As presented in Chapter 5, the reaction of carbon dioxide with epoxides 136 to 
form cyc1ic carbonates 137 or the corresponding polycarbonate has seen 
important development due to the many applications and properties of 
carbonates?,21 Although quite efficient, such a reaction usua1ly requires the initial 
synthesis of an epoxide; an additional step that sometimes involves expensive or 
toxic reagents and requires a chemical separation34 (Scheme 33). 
~ Cat. o-{O +co2 .. ~o (1 ) R R 
136 137 
R~ +C02 ~ 
138 
Scheme 33: The conventional synthesis of cyc1ic carbonates requires a two-step 
process; an alternative solution is the direct oxidative coupling of an olefin with 
carbon dioxide 
A simp1er and even cheaper approach wou1d be the direct synthesis of cyc1ic 
carbonates starting from olefin 138 instead of the epoxide 136. Although such a 
three-component coupling reaction, also called oxidative-carboxylation of olefins, 
has been known at least since 1962,31 it did not however, receive much attention 
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and only a few reports are available in the literature.32,33 Furthermore, low yield, 
hazardous and expensive oxidants, and numerous oxidation by-products were 
often the major problems. 
1 Epoxidation of alkenes 
We reinvestigated this chemistry in an attempt to overcome aIl the 
shortcomings associated with the previous methods. Our first approach was based 
on an in situ epoxidation; various catalysts, additives and oxidants were studied. 
For example, ruthenium and manganese porphyrin complexes 139 and 140 were 
tested in the presence of molecular oxygen. Other catalytic systems composed of 
a combination of reagents (e.g. acetonitrile and tetrabutyl ammonium bromide) 
were reacted with hydrogen peroxide (formation of peroxyimidic acid 141, 
Scheme 34). Unfortunately, in aIl cases, absence of reactivity, low yield and 
multiple byproducts were often hampering the results. 
139 R = Me; M = RuCO 
140 R= H; M = MnOAc 
R 
R 
R 
R 
R 
R 
Figure 3: Catalysts tested for the conversion of alkenes to cyclic carbonates 
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R~ 
138 
141 
Br 
.. 
137 
Scheme 34: In situ epoxidation of olefin using peroxyimidic acid 141 
Alternative strategies to the in situ epoxidation were explored. We envisioned 
the utilization of bromohydrin intermediates 142 coupled with a "C02 activator", 
such as the organic base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 143, as a 
simple, cheap, efficient and metal-free method for the preparation of carbonates. 
In the context of air-pollution due to the extensive use of volatile organic 
solvents, we investigated this transformation of alkenes into carbonates in water 
as the exclusive solvent.35 
R~ 
-
o 
o--{ 
~o 
R DBU 
138 142 137 
143 
Scheme 35: Conversion of alkenes and C02 into cyc1ic carbonates using 
bromohydrin intermediates 142 and DBU 143 
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2 Conversion of alkenes into bromohydrins 
As a preliminary testing of the concept, the stoichiometric conversion of 
tenninal alkenes into alkene carbonates was examined using N -bromosuccinimide 
(NBS) 144 together with DBU 143 in water. Results are presented in Table 7. 
Table 7: Conversion oftenninal alkenes to alkenecarbonate 
1 equiv NBS o-{O 
2 equiv DBU 
R~ +C02 • R~O H20, 60°C 
entry olefin (R) reaction NMR yield (%)a Product time (h) 
1b V 135a 3 89 (98) 135b 
2b ~ 145a 3 91 (98) 145b 
3b j) 146a 6 95 (100) 146b 
NaOaS ô 
4b U 'ô 147a 4 61 (98) 147b 
5b ~ MeO ' ô 148a 4 45 (80) 148b 
6c ~ 149a 5 85 (100) 149b 
7c ~ 150a 5 63 (78) 150b 
8d ~ 151a 4 30 21 
a Based on the olefin; The number in brackets refers to the conversion.b Reaction conditions: 1.5 
mmol of olefm, 1.5 mmol ofNBS, 3 mmol of DBU, 1 mL of water, under a COz pressure of 250-300 
psi, 60°C. c 1 mmol of olefin was used and the temperature was kept at 42°C. d Reaction conditions: 
,,---, 
40 psi ofethylene, 2.5 mmol ofNBS, 5 mmol ofKHC03, 2 mL ofwater, under a CO2 pressure of350 
psi, 6OoC. Yield based on the amount ofNBS used. 
105 
With styrene 135a, the reaction proceeded excellently affording a mixture of 
styrene carbonate 135b (~ 89%) and the corresponding bromohydrin (~ 10%) 
after 3h at 60°C. No starting material was detected at the end of the reaction. An 
excess of 143 was necessary to deprotonate the weakly acidic alcohol and to 
neutralize the strongly acidic hydrobromic acid generated during the reaction. 
The scope of this transformation was expanded to styrene derivatives 145a, 146a 
and to the less reactive olefins 147a, 148a. When simple aliphatic olefins such as 
1-hexene 149a and l-octene 150a were used, the reaction also proceeded 
smoothly and efficiently to afford the corresponding cyclic carbonates 149b and 
150b (Table 7, entries 6,7); even ethylene gas 151a could be reacted and produced 
ethylene carbonate 20. 
3 Catalytic conversion of alkenes into cyclic carbonates 
Following the success of the stoichiometric reaction, a transition-metal free 
catalytic system was investigated in water. It was postulated that the bromide 
ions could be readily oxidized to bromine or hypobromus acid, a reagent known 
to react with an olefin in water to form the desired bromohydrin;36 thus, only a 
catalytic amount of NBS would be needed for the reaction. Indeed, after the 
formation of the bromohydrin intermediate and its subsequent reaction with 
carbon dioxide, the bromide ions can be regenerated with an oxidant and water 
may become the only byproduct of the reaction. Inexpensive oxidants such as 
30% aqueous solution of hydrogen peroxide and sodium persulfate were 
examined. Subsequently, styrene 135a was reacted with 10% mol ofNBS 144 in 
aqueous hydrogen peroxide. Although the reaction was successful, the yield 
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remained low most likely due to the high reactivity of NBS towards H20 2• Other 
sources of bromide ions were therefore tested for this transformation. Tetrabutyl 
ammonium bromide and sodium bromide were both found to be effective. A 
c1ean conversion was achieved, leading in the case of styrene 135a to a mixture of 
135a (12%), styrene bromohydrin (8%) and the desired styrene carbonate 135b 
(70%). To further study the effect of the organic base, other amines were tested. 
A quick screening of various bases was carried out by reacting alkenes and carbon 
dioxide only for 2h. Results are presented in Tables 8 and 9. DBU 143, DMAP 
152 and Hünig's base 153 were found to be the most effective reagents. 
Table 8: Amine bases tested for the catalytic coupling of olefin with C02 
/-'- entry amine base entry amine base 
0) 1 143 7 "--N~N~N/ 157 
1 1 
"--N/ 1 
2 6 152 8 uND 158 N 
3 ---( 153 9 ~'J 159 N\ &N 
-\ 
"--N/ 
4 Et ....... ..--Et 154 10 6 160 N 1 Et 
5 / \ 155 "--N/"-..N/ 161 NvN--. 11 
1 1 
;,"", 6 0 156 N 
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Table 9: Effect of the organic base on the yield of the catalytic reaction 
entl)f1 amine base NMR yield (%) 
1 143 DBU 17 (20) 
2 152 DMAP 9 (10) 
3 153 Hünigs base 8 (10) 
4 154 triethylamine >1 (5) 
5 155 1-methylimidazole >1 (5) 
6 156 pyridine NR 
7 157 N,N,N',N',N"- pentamethyl- diethylene triamine NR 
8 158 N-methyl diphenylamine NR 
9 159 DABCO NR 
10 160 N,N- dimethylaniline NR 
11 161 N,N,N', N'- tetramethyl diamine methane NR 
a AlI reactions were performed with 3 mmol of styrene (0.2 mL, 1 equiv), 9 mmol ofH20 2 (1 mL, 
3 equiv), 0.7 mmol of BU4NBr (250 mg, 0.25 equiv) and 1 mmol of organic base (0.3 equiv), 
under a CO2 pressure of 250-300 psi. 2 h reaction time. The temperature controller was set at 
42°C. 
Other alkenes were reacted with C02 under the optimized conditions (Table 
10, Scheme 36). The water-soluble sodium salt of 4-styrene sulfonic acid 146a 
gave an even better yield of the desired cyclic carbonate (Table 10, entry 5), 
although the separation proved to be challenging due to the solubility of the 
product in water. Simple alkenes such as 1-hexene 149a and l-·octene 150a were 
also reacted and yielded carbonate products under the catalytic conditions (Table 
10, entries 6, 7). The ratio of reagents, particularly Br-1H20 2, was found to be 
important for the reaction as bromide ions can catalyze the unwanted and non-
productive decomposition ofhydrogen peroxide to generate 02 and water.37 
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Finally, an aqueous solution of sodium persulfate was used as the oxidant; 
however, a lower conversion (ca 14%) from styrene 135a to styrene carbonate 
135b was obtained with a large amount of unreacted starting material being 
recovered. 
15% mol TBAB/ DBU 
o-{O 12-15h / 50° C 
H20 
R~ + CO2 (\ • ~o R 
138 Br2 HBr 137 V (\ 
H20 2 2H2O 
Scheme 36: Bromine-catalyzed direct converSIOn of alkenes 138 to cyclic 
carbonate 137 with H20 2 in water 
Table 10: Catalytic conversion of terminal alkenes to alkenecarbonate 
entry olefin (R) bromide catalyst reaction time (h) NMR yield (%)C ( equivalent) 
18 Ph 135a NBS 15 26 (36) 135b 
28 Ph 1358 NaBr 15 65 (80) 135b 
38 Ph 135a TBAB 15 70 (89) 135b 
48 4-MePh 145a TBAB 15 72 (90) 145b 
58 4-S03Ph 1468 TBAB 15 89 (98) 146b 
6b CH3(CH2b 149a TBAB 20 47 (72) 149b 
7b CH3(CH2)5 150a TBAB 20 27 (78) 150b 
a Reactions conditions: 1.5 mmol of olefm, 0.15 mmol ofNBS, 0.2 mmol ofDBU, 1 mL ofH202> 
under a CO2 pressure of250-300 psi, 45-55°C. b 1 mmol of olefin was used and the temperature was 
kept at 40°C. C Based on the olefin; The number in brackets refers to the conversion. 
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In surnmary, a simple, direct, and metal-free method was developed to convert 
alkenes and CO2 into cyclic carbonates in water.38 Using NBS together with 
DBU in water, alkenes were converted into cyclic carbonates nearly 
quantitatively. Cyclic carbonates were also formed efficiently by using a catalytic 
amount of bromide ion together with aqueous H20 2• 
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4 Experimental section 
IH NMR spectra were recorded at 300 MHz and 13C NMR spectra were recorded 
at 75 MHz. Flash chromatography was performed using SILICYCLE 40-63 J.Un 
silica gel, and the column was usually eluted with a 1:5 ethyl acetate/hexane 
mixture (25 to 50%). AlI the reagents were purchased from Aldrich Chemical Co. 
and were used without further purification. 
Typical procedure for the stoichiometric conversion of alkenes 138 to alkene 
carbonates 137 using NBS and DBU: 
In a vial containing a stir bar, NBS (266 mg, 1.5 mmol) was mixed with 1 mL of 
water. The olefin (1.5 mmol) and the base DBU (0.35 mL, 2.4 mmol) were 
respectively added to the reaction mixture. The vial was placed in a stainless steal 
autoclave (Parr reactor). The reactor was pressurized with CO2 gas at an overall 
pressure of 300/350 psi. During the reaction, the temperature was maintained at 
45 or 60°C (according to the olefin) using a Parr temperature controller. After 3-6 
h, the reactor was cooled down to room temperature and depressurized. Ethyl 
acetate (1 mL) was used to extract any organic material. After purification by 
flash chromatography (eluant 1:5 ethyl acetate in hexane), the product was 
characterized by IH, 13C NMR and GCMS. 
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(\ 
Styrene carbonate 135b: 39 
Isolated as a white solid in 81 % yie1d. IH NMR (CDCh, 300 MHz, ppm): Ô 4.26 
(t, IH, J = 7.26 Hz), 4.71 (t, IH, J = 8.42 Hz), 5.59 (t, IH, J = 8.07), 7.34 (m, 
5H); BC NMR (CDCh, 75 MHz, ppm): Ô 71.1, 77.9, 125.8, 129.1, 129.6, 135.7, 
154.8. 
4-Methyl styrene carbonate 145b:4o 
Purification was achieved by preparative TLC using toluene as eluant. Obtained 
as a colorless oïl in 83 % yield. IH NMR (CDCh, 300 MHz, ppm): Ô 2.36 (s, 
3H), 4.32 (t, 1H, J = 8.1 Hz), 4.75 (t, 1H, J = 8.4 Hz), 5.62 (t, IH, J = 7.95 Hz), 
7.23 (s, 4H); BC NMR (CDCh, 75 MHz, ppm): Ô 29.4, 71.4, 78.3, 126.2, 130.1, 
132.9, 140.1, 155.1. 
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4-Styrene carbonate sulfonic acid sodium salt 146b: 
Although the reaction proceeded weIl with DBU, the use of KHC03 or even 
NaHC03 was preferable. Isolated as a white solid in 68%. IH NMR (D20, 400 
MHz, ppm): Ô 4.39 (t, IH, J = 8.4 Hz), 4.86 (t, IH, J = 8.6 Hz), 5.86 (t, IH, J = 
8.2 Hz), 7.61 (q, 4H, J = 8 Hz); l3C NMR (D20, 100 MHz, ppm): 71.6, 78.2, 
126.2, 127.0, 138.8, 144.3, 156.9; HRMS (FTMS) C9H70 6S calcd, 242.99633, 
found, 242.99659. 
147b 
Allyl benzene carbonate 147b:39 
Purification was achieved by flash chromatography using first 1:5 ethyl acetate in 
hexane, then THF or 1: 1 ethyl acetate / hexane mixture. Isolated as a colorless oïl 
in 52% yield. IH NMR (CDCh, 300 MHz, ppm): Ô 3.07 (dd, 2H, J= 14.1, 13.8 
Hz), 4.168, (t, 1H, J= 6.8 Hz), 4.44 (t, 1H, J= 8.1 Hz), 4.93 (m, IH), 7.30 (m, 
5H); l3C NMR (CDCh, 75 MHz, ppm): Ô 39.8, 68.7, 77.0, 127.8, 129.2, 129.5, 
134.1, 154.9. 
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o MeO~ 9-{ ~o 
148b 
Allyl anis ole carbonate 148b: 
Isolated as a colorless oïl in 41 % yield. lH NMR (CDCh, 300 MHz, ppm): Ô 3.01 
(m, 2H), 3.79 (s, 3H), 4.15 (t, 1H, J = 7.8 Hz), 4.42 (t, 1H, J = 8 Hz), 4.89 (t, 1H, 
J = 6.8 Hz), 7.00 (dd, 4H); BC NMR (CDCh, 75 MHz, ppm): Ô 27.9, 55.4, 71.1, 
78.1, 114.6, 127.8, 129.5, 154.9, 160.7; HRMS CllH120 4 calcd, 208.07356, 
found,208.07370. 
14gb 
l-Hexene carbonate 149b: 39 
Isolated as a colorless oil in 79 % yield. lH NMR (CDCh, 300 MHz, ppm): Ô 0.89 
(t, 3H, J= 6.6 Hz), 1.31 (m,4H), 1.67 (m, 2H), 4.01 (t, 1H, J= 7.1), 4.49 (t, 1H, J 
= 7.7), 4.65 (m, 1H); BC NMR (CDCh, 75 MHz, ppm): Ô 13.7,22.2, 26.3, 33.4, 
69.3, 77.0, 155.0. 
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150b 
1-0ctene carbonate 150b:39 
Purification was achieved by flash chromatography using first 1: 1 ethyl acetate in 
hexane. Isolated as a colorless oïl in 53 % yield. lH NMR (CDCh, 300 MHz, 
ppm): Ô 0.88 (t, 3H, J = 6.5 Hz), 1.26 (m, 8H), 1.72 (m, 2H), 4.01 (t, IH, J = 6.9), 
4.50 (t, IH, J = 7.2), 4.69 (m, IH); l3C NMR (CDCh, 75 MHz, ppm): 14.0,22.5, 
24.3,28.8,31.5,38.9,69.4, 77.0, 155.1. 
Ethylene Carbonate 21:39 
Isolated as a white solid in 30 % yield (Based on the quantity ofNBS used). lH 
NMR (CDCh, 300 MHz, ppm): Ô 4.51 (s, 4H); l3C NMR (CDCh, 75 MHz, ppm): 
64.7; GCMS found: 88.1. 
115 
Typical procedure for the conversion of alkenes to alkene carbonates with 
30% hydrogen peroxide: 
In a vial containing a stir bar, TBAB (50 mg, 0.15 mmol) was introduced 
and dissolved into 1 mL of 30% H202 (9 mmol, 6 equiv). The olefin (1.5 mmol) 
was added to the mixture followed immediately by DBU (0.03 mL, 0.2 mmol). 
The vial was placed in a stainless steal autoclave (Parr reactor) which was 
pressurized with C02 gas at an overall pressure of 350 psi. The reactor was 
heated at 42°C or 50°C using a Parr temperature controller. After reacting for an 
average of 15 h, the reactor was cooled down to room temperature and 
depressurized. Ethyl acetate (0.3 mL) was used to extract any organic material. 
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Conclusions and Claims to the Original Knowledge 
The synthesis of cyclic dialkoxy disulfides has been reinvestigated. Five new 
molecules have been synthesized in high yield and fully characterized. An X-ray 
structure was obtained for the 2,3-furandimethylene dialkoxy disulfide. The 
substrates were prepared in an attempt to rationalize some of the existing 
limitations ofthe synthetic methodology. 
For the first time, a dialkoxy disulfide was converted to ifs structural 
thionosulfite isomer. The conversion of the dialkoxy disulfide benzene 
dimethanoate disulfide to its structural thionosulfite isomer was carefully 
evaluated under a variety of conditions and was demonstrated to require the 
presence of hydrochloric acid. During the study of the reverse process, the 
thionosulfite was converted to what might be the dialkoxy tetrasulfide, benzene 
dimethanoate tetrasulfide. Spectroscopie and chemical evidence supported this 
conclusion. 
It was also demonstrated that a cyclic thionosulfite can reversibly lose a 
sulfur atom. When treated with hydrochloric acid, benzene dimethylene 
thionosulfite lost a sulfur atom yielding the corresponding sulfoxylate. This 
process was partially reversible as the sulfoxylate could acquire a sulfur atom 
giving back the thionosulfite. The involvement of hydrochloric acid was also 
necessary to promote this conversion. 
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A simple and metal-free method was finally developed to convert alkenes and 
Cal into cyclic carbonates in water. Using N-bromosuccinimide (NBS) together 
with 1,8 - diazabicyclo [5,4,0] undec-7-ene (DBU) in water, alkenes were 
converted nearly quantitatively into cyclic carbonates. Cyclic carbonates were 
also formed efficiently by using a catalytic amount of bromide ion together with 
aqueous H202. 
During the course of this work, the following articles were published: 
Zysman-Colman, E.; Nevins, N.; Eghbali, N.; Snyder, J.P.; Harpp, D.N. J Am. 
Chem. Soc. 2006,128,291; 
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Eghbali, N.; Harpp, D. N. J Org. Chem. 2007, DOl 1O.1021/jo062190n; 
Eghbali, N.; Li, C.J. Green Chem. 2007,9,213. 
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Appendix 1 X-ray structure parameters for compound 87b 
CCo- s o 1 .,.&; o-s 
87b 
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The structure was solved using direct methods and refined using full matrix least 
squares for all non-hydrogen atoms. The final refinement maps partial disorder 
for the two sulfur atoms and modeled with the addition of S(lA) and S(2A). 
Refinement of site occupancy factors gave S(l) and S(2) at about 91 %, S(lA) and 
S(2A) at 9%. The final refinement cycle fixed these site occupancy factors to 
the se values, all non-hydrogen atoms except S(lA) and S(2A) were refined 
anisotropically. 
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Table 1. Crystal data and structure refinement for dh23m. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system, space group 
Unit cell dimensions 
dh23m 
C6 H6 03 S2 
190.23 
100(2) K 
0.71073 A 
Triclinic, P-1 
a 4.811(5) A alpha = 83.007(12) deg. 
b 7.525(8) A beta = 85.592(13) deg. 
c 10.678(11) A gamma = 78.525(12) deg. 
Volume 
Z, Calculated density 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Limiting indices 
-5<=h<=5, -8<=k<=9, -12<=1<=12 
Reflections collected / unique 
1848 / 1337 [R(int) = 0.0459] 
Completeness to theta 
Absorption correction 
26.58 
129 
375.5(7) A"3 
2, 1. 683 Mg/m"3 
0.657 mmA -1 
196 
0.60 x 0.40 x 0.10 mm 
3.55 to 26.58 deg. 
85.2 % 
None 
Refinement method 
Full-matrix least-squares on FA2 
Data 1 restraints 1 parameters 
Goodness-of-fit on FA2 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
130 
1337 1 0 1 108 
0.961 
R1 0.0333, wR2 0.1043 
R1 0.0348, wR2 0.1066 
0.375 and -0.414 e.ÂA- 3 
~-, 
Table 2. Atomie eoordinates x 10 A 4) and equivalent isotropie 
displaeement parameters (AA2 x 10A3) for dh23m. 
U(eq) is defined as one third of the traee of the orthogonalized 
Uij tensor. 
x y z U(eq) 
8 (1) 1156 (1) 6634(1) 732(1) 20 (1) 
0(1) 3004(3) 8281(2) 505(1) 24 (1) 
C(l) 3519(4) 9184(2) 1581(2) 21 (1) 
8(2) 3146(1) 4640(1) 1901(1) 24 (1) 
0(2) 1647(3) 4873(2) 3357(1) 25(1) 
C(2) 2403(4) 6306(2) 3995(2) 22 (1) 
C(3) 1136(3) 9414(2) 2559(2) 18(1) 
C(4) 647(3) 8126(2) 3627(2) 17 (1) 
C(5) -983(4) 10862(2) 2639(2) 21 (1) 
C(6) -1738(4) 8912(2) 4258(2) 20 (1) 
0(3) -2785(2) 10596 (2) 3667(1) 23 (1) 
8(2A) 738(16) 5150(10) 2019(7) 51(2) 
8 (lA) 3690(15) 6015(10) 891(7) 50(2) 
131 
~ .. 
/~ 
Table 3. Bond lengths [A] and angles [deg] for dh23m. 
S(l)-S(lA) 
S(l)-O(l) 
S(1)-S(2A) 
S (1) -S (2) 
0(1) -C (1) 
O(l)-S(lA) 
C(1)-C(3) 
S(2)-S(2A) 
S(2)-S(lA) 
S(2)-0(2) 
0(2)-C(2) 
0(2)-S(2A) 
C(2)-C(4) 
C(3)-C(S) 
C(3)-C(4) 
C(4)-C(6) 
C(5)-0(3) 
C(6)-0(3) 
S (2A) -S (lA) 
S(lA)-S(l)-O(l) 
S(1A)-S(1)-S(2A) 
O(l)-S(1)-S(2A) 
S(lA)-S(1)-S(2) 
0(1)-S(1)-S(2) 
S(2A)-S(1)-S(2) 
132 
1.232(7) 
1.6488(17) 
1.688(7) 
1.9704(14) 
1.465 (2) 
1.677(8) 
1.488(3) 
1.147(8) 
1.448(7) 
1.6769(19) 
1.460 (2) 
1.504(8) 
1.484(2) 
1.342(3) 
1.441 (2) 
1.352 (3) 
1.366(2) 
1.363(2) 
1.951(11) 
69.5(3) 
82.2(4) 
130.4(3) 
47.1(3) 
108.66(8) 
35.5(3) 
r'\ C(l)-O(l)-S(l) 119.61(10) 
C(l)-O(l)-S(lA) 109.3(3) 
S(l)-O(l)-S(lA) 43.5(2) 
0(1)-C(1)-C(3) 114.84(14) 
S(2A)-S(2)-S(lA) 96.8(5) 
S(2A)-S(2)-0(2) 61.0(4) 
S(lA)-S(2)-0(2) 130.0(3) 
S(2A)-S(2)-S(1) 58.7(4) 
S(lA)-S(2)-S(1) 38.6(3) 
0(2)-S(2)-S(1) 108.05(7) 
C(2)-0(2)-S(2A) 123.7(3) 
C(2)-0(2)-S(2) 115.88(10) 
S(2A)-0(2)-S(2) 41.8(3) 
0(2)-C(2)-C(4) 112.42(15) 
C(5)-C(3)-C(4) 105.67(15) 
C(5)-C(3)-C(1) 127.42(15) 
C(4)-C(3)-C(1) 126.90(15) 
C(6)-C(4)-C(3) 106.36(15) 
C(6)-C(4)-C(2) 125.93(15) 
C(3)-C(4)-C(2) 127.70(15) 
C(3)-C(5)-0(3) 111.25 (14) 
C(4)-C(6)-0(3) 110.39 (15) 
C(5)-0(3)-C(6) 106.32(13) 
S(2)-S(2A)-0(2) 77.2(4) 
S(2)-S(2A)-S(1.) 85.8(4) 
0(2)-S(2A)-S(l) 135.6(5) 
S(2)-S(2A)-S(lA) 47.5(4) 
"~ 0(2)-S(2A)-S(lA) 109.5(5) 
S(1)-S(2A)-S(lA) 38.8(3) 
133 
S(l)-S(lA)-S(2) 94.3 (4) 
S(l)-S(lA)-O(l) 67.1(3) 
S(2)-S(lA)-O(l) 141.0(5) 
S(l)-S(lA)-S(2A) 59.0(4) 
S(2)-S(lA)-S(2A) 35.7(3) 
O(l)-S(lA)-S(2A) 113.1(5) 
Symmetry transformations used to generate equivalent atoms: 
I~' 
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Table 4. Anisotropie displaeement parameters (AÀ 2 x 10 À 3) for 
dh23m. 
The anisotropie displaeement factor exponent takes the form: 
-2 piÀ2 [ hÀ2 a*À 2 Ul1 + ... + 2 h k a* b* U12 ] 
U11 U22 U33 U23 U13 
8(1) 24 (1) 22 (1) 14 (1) -1 (1) -2 (1) 
0(1) 31(1) 25 (1) 15(1) 1 (1) 3 (1) 
C (1) 23 (1) 22(1) 18 (1) 0(1) 2 (1) 
S (2) 33 (1) 17(1) 20 (1) -1 (1) 3 (1) 
0(2) 35(1) 18(1) 21 (1) 2 (1) 4 (1) 
C(2) 27 (1) 21 (1) 17 (1) 3 (1) -3 (1) 
C (3) 18 (1) 19(1) 17(1) 0(1) -2 (1) 
C(4) 19 (1) 20 (1) 13 (1) -1 (1) -2 (1) 
C(5) 26 (1) 20 (1) 17 (1) 1(1) -1 (1) 
C (6) 22 (1) 21 (1) 15(1) 0(1) -2 (1) 
0(3) 23 (1) 23(1) 22 (1) -4 (1) 0(1) 
135 
U12 
-6(1) 
-8(1) 
-7(1) 
2 (1) 
-6(1) 
-3(1) 
-4(1) 
-5(1) 
-4 (1) 
-5(1) 
-1(1) 
Table 5. Hydrogen eoordinates ( x 10 A 4) and isotropie 
displaeement parameters (AA2 x 10 A3) for dh23m. 
H(lA) 
H (lB) 
H(2A) 
H(2B) 
H (SA) 
H(6A) 
x 
3916 
5201 
4389 
2164 
-1197 
-2550 
y 
10378 
8483 
6353 
6007 
11911 
8379 
z 
1268 
1978 
3792 
4901 
2068 
4991 
Table 6. Hydrogen bonds for dh23m [A and deg.l . 
D-H ... A d(D-H) d (H ... A) d(D •.. A) 
136 
U(eq) 
25 
25 
27 
27 
25 
23 
< (DHA) 
Appendix II lH NMR for compounds 87b, 90b and 135b 
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